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Damage Processes of Polypropylene Fiber Reinforced
 Mortar in Different Fiber Content Revealed 

by Acoustic Emission Behavior
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(College of Civil and Transportation Engineering, Hohai University, Nanjing 210098, China)

Abstract: The performances of the cement-based materials can be improved by the incorporation of 
polypropylene fiber, but the damage processes become more complex with different fiber contents at the same 
time. The acoustic emission (AE) technology can achieve the global monitoring of internal damage in materials. 
The evolution process of failure mode and damage degree of polypropylene fiber reinforced mortar and concrete 
were analyzed by measuring the AE energy, RA value, AF value and b value. It was found that the cement 
matrix cracked on the initial stage, the cracks further developed on the medium stage and the fibers were pulled 
out on the last stage. The matrix cracked with minor injury cracks, but the fiber broke with serious damage 
cracks. The cumulative AE energy was proportional to the polypropylene fiber reinforced concrete and mortar’s 
ductility. The damage mode and damage degree can be judged by identifying the damage stage obtained by the 
analysis of the AF value. 
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1  Introduction

Cement-based materials have weaker tensile 
strength, flexural strength, impact strength and ener-
gy-absorption capacity, as well as brittleness. So the 
structure is prone to crack in the condition of changed 
temperature or load[1,2], which affects the construction 
performance such as, waterproof, anti-permeability and 
durability, etc. The performance such as the splitting 
strength, tensile strength, compressive strength, flexur-
al strength, rigidity, anti-permeability, crack resistance, 
wear resistance, ductility, durability and energy absorp-
tion ability could be improved by the incorporation of 
polypropylene fiber[3-9], but the increase of the compres-
sive strength and flexural strength was not obvious[6,8], 
and the total porosity of the material would be slightly 
increased[10, 11].

Nia pointed out that the fiber content is an im-
portant parameter which affects the performance of 
concrete[12] and Jianhua pointed out that fiber content 

has great influence on the material’s mechanical prop-
erties[13]. The internal stress distribution and damage 
process become more complicated due to the hetero-
geneity and the inhomogeneity of the material, which 
brings difficulties to the research on the properties and 
damage process of fiber reinforced cement based mate-
rials. In order to clarify the above problems, some deep 
research has been conducted by scholars. It was found 
that structure’s freeze-thaw ability, dry shrinkage, 
refractoriness, water penetration length, carbonation 
depth, slump, elastic modulus decrease as the polypro-
pylene fiber content increases[5,14,15]. With the further 
increase of polypropylene fiber content, the fire resis-
tance would continue to decrease[16] and dry shrinkage 
reduced less obviously[17]. The splitting strength, flex-
ural strength, impact strength, stiffness, failure energy 
and effective cracking width increased in pace with 
polypropylene fiber content[18,19]. The entirety and long-
term tensile strength of low content polypropylene fiber 
reinforced concrete were better[20], but ductility de-
creased[21]. Kakooei found that the compressive strength 
and permeability of concrete in 1.5 kg·m-3 content 
were better than other content[22]. Singh designed fiber 
pull out test to conduct preliminary research on the role 
of the fiber which improved material’s ductility[23].

It should be noted that the above studies focus 
more on the mechanical properties and materials per-
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formance of the polypropylene fiber materials, less 
on the damage processes. But acoustic emission (AE) 
technology can achieve the global monitoring of inter-
nal damage in materials. Additionally, it can obtain the 
damage AE characteristics of cement-based materials 
by the analysis of real-time monitoring signals. Wang 
conducted the analysis for polypropylene fiber rein-
forced concrete fatigue failure process by AE parame-
ters such as hits, amplitude and energy[24]. Wu divided 
the steel fiber reinforced concrete failure processes into 
9 different damage mechanisms based on the AE du-
ration[25]. Kim found that the change of the AE cumu-
lative energy can be used to describe the development 
of cracks[26]. Different failure mechanisms can produce 
different AE signals which can be identified by AE 
characteristic parameters[27], the cumulative AE energy 
and b value is closely related to the damage process 
and damage degree, and the change laws of the RA and 
AF values can characterize damage pattern.

The axial compression test recorded the whole 
damage process AE signals of five different content of 
polypropylene fiber reinforced mortar and four differ-
ent content of polypropylene fiber reinforced concrete. 
The paper analyzes the relationship between the cumu-
lative AE energy, b value and damage processes. And 
the influence on the damage processes produced by the 
change of polypropylene fiber content was analyzed. 
Corresponding relationship between damage pattern 
and AF as well as RA values was analyzed. And the 
influence on the damage pattern by different fiber con-
tents was analyzed. Finally, the relationship between 
cumulative AE energy and ductility was analyzed, and 
the feasibility to judge the failure pattern and the dam-
age degree based on the failure stage was studied as 
well.

2  Experimental

In order to analyze the AE characteristics of poly-
propylene fiber reinforced mortar and concrete speci-
mens with different contents in the process of damage, 
five contents were designed for mortar, four contents 
were designed for concrete; Plain mortar and plain 
concrete group were set-up in order to reveal the effect 
of polypropylene fiber on the damage mechanism and 
other four kinds for illustrating the different AE charac-

teristics caused by different contents. Actually, a batch 
of the same materials were used in the test, the prepara-
tion of the test specimens and the loading method were 
the same, so that the difference of the AE characteris-
tics resulted from the different fiber contents.
2.1 Specimens preparation

Forty five mortar mixtures and thirty-six concrete 
mixtures were produced in total. Each mixture includ-
ed nine specimens. The specimens’ size was 100 mm× 
100 mm× 100 mm as typically used for axial compres-
sion test. The specimens were cured under standard 
conditions for 28 days. In order to conduct comparative 
analysis of different contents, the polypropylene fiber 
content for mortar varied from 0% (plain mortar) to 
0.5%, 1%, 1.5% and 2%; And that for concrete varied 
from 0% (plain mortar) to 0.5%, 1% and 1.5%. Main 
characteristics of polypropylene fiber are shown in Ta-
ble 1. Tests were conducted to make it separate when 
inputting the fiber into the mortar, otherwise it may 
easily lead to fiber agglomerate phenomenon. 
2.2 Apparatus and system parameter setting

Fig.1 shows the test apparatus, test specimens and 
press plate surface should be wiped clean before test. 
The load was applied at a constant rate of 0.3 Mpa/s 
and loading was automatically terminated at the mo-
ment of load drop. The type of YAW4306 microcom-
puter controlled electro-hydraulic servo pressure testing 
machine was used in the test. 

As to AE monitoring, one AE broad band sensor 
was fixed on the center of the specimen surface by the 
rubber band. Additionally, the surface of specimen 
which placed sensor should be ground smooth and 

Table 1  Properties of polypropylene fiber

Shape Diameter/µm Length/mm Density/(g/cm3) Tensile strength/MPa Modulus/MPa

Single bundle 18-48 6 0.91 ＞500 ＞3 850

Fig.1  Schematic diagram of the experimental apparatus
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coated with Vaseline in order to obtain the high quality 
of AE signals. The signals were recorded in one-chan-
nel monitoring board PCI-2; PAC with a sampling rate 
of 5 MHz, band-pass filter was 1 kHz - 3 MHz. The 
threshold was set as 35 dB to avoid environmental 
noise and the acquired signals were pre amplifier by 
another 40 dB, bandwidth was 10 kHz - 2.0 MHz.

3  Mechanical properties

Three small discrete specimens were selected 
from 9 specimens for each of content, and the speci-
men’s number and average strength are shown in Fig.2. 
It was found that the average strengths of polypro-
pylene fiber reinforced mortar and concrete were in 
the range of 34-39 MPa. The compressive strength of 
0.5%, 1.0% and 1.5% polypropylene fiber reinforced 
mortar is lower than that of the plain mortar about 7%, 
but that with 2% is higher than that with about 4%. 
The compressive strength of that with 0.5%, 1.5% and 
1% polypropylene fiber reinforced concrete is higher 
than that of the plain concrete with about 4%, 7% and 
8% respectively. This shows that the addition of poly-
propylene fiber has no significant improvement on the 
compressive strength of mortar and concrete.

Polypropylene fiber is a kind of low elastic mod-
ulus fiber. It is difficult to bear large stress in the ma-
trix material, so it has little effect on the compressive 
strength. Polypropylene fiber plays the role in two 
aspects. On the one hand, the fiber could restrain the 
crack of the matrix, which would improve the strength 
of the specimen. On the other hand, the increase of the 
original defects would decrease it. The strength of the 
specimen was the result of two aspect actions. There 
was slight change in the strength of the fiber reinforced 
mortar specimens with different fiber contents, but the 
failure process was significantly different.

4 Analysis of the AE charac-
teristics and damage processes

4.1 Cumulative AE energy curve
The cumulative AE energy curves are shown 

in Fig.3. In order to facilitate the analysis of the AE 
cumulative energy characteristics in different content 
polypropylene fiber, the curves were divided into three 
stages: A stage (0-15% stress level), B stage (15%-90% 
stress level) and C stage (90%-100% stress level).

On A stage, the cumulative AE energy of poly-
propylene fiber reinforced mortar and concrete is lower 
than that of the plain mortar and plain concrete respec-
tively, and higher fiber content leads to lower cumula-
tive AE energy. Because the initial stage is mainly the 
development of crack of the matrix and the original 
defects, and some of the destruction of the aggregate 
for concrete specimens, the AE energy shows rapid 
growth trend. The higher cumulative AE energy of 
plain mortar indicated that the main role of fiber is to 
prevent the development of crack to cause defects. And 
the crack resistance is enhanced with increasing fiber 
content. Therefore, using fiber reinforced materials has 
been suggested as an effective way to alleviate the ear-
ly cracking of concrete[28, 29].

Fig.3   Cumulative AE energy curves of polypropylene fiber reinforced specimens

Fig.2  Compressive strength of polypropylene fiber reinforced 
mortar and concrete
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On B stage, the cumulative AE energy of poly-
propylene fiber reinforced mortar and concrete starts to 
exceed that of  the plain mortar and plain concrete re-
spectively, and the AE energy increases with increasing 
fiber content. On this stage, the matrix further cracks 
and fiber begins to deform which absorbs energy, so the 
trend is relatively slow, the more fiber content the high-
er absorption capability. 

On C stage, the cumulative AE energy of the 
polypropylene fiber reinforced mortar still exceeds that 
of  plain mortar and plain concrete respectively, and 
the AE energy increases with increasing fiber content. 
Fibers were pulled out or broke in this stage, the ener-
gy stored by the fiber deformation released soon in the 
failure time, the higher fiber content, the higher energy 
released. Particularly, that with 2% content was the 
most obvious.

4.2 RA and AF values
Studies show that[30-32] corresponding relation-

ship between RA and AF values can be used for the 
classification of crack type, RA value which is the rise 
time over the amplitude, measured in ms/V. AF is the 
number of threshold crossing over the duration of the 
signal, measured in kHz. When the RA value is high, 
the AF value is low, which can be thought of as a shear 
crack. On the contrary, when the RA value is low, the 
AF value is high, which can be considered as tensile 
crack. In this paper, we select 100 consecutive points as 
a point to reduce the discreteness of the computational 
results.

Different contents of polypropylene fiber rein-
forced mortar and concrete RA and AF values with 
time are shown in Fig.4 and Fig.5. In order to judge the 
failure mode of different stages by RA and AF values, 
it were divided into four stages, A stage (0%-10% stress 

Fig.4  Curves of RA and AF values of different content polypropylene fiber reinforced mortar
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level), B stage (10%-15% stress level), C stage (15%-
90% stress level), and D stage (90-100% stress level).

The change trend of the RA value is contrary to 
that of the AF value, the RA value decreases while the 
AF value increases on the A stage, the failure pattern is 
gradually dominated by the tensile. On the C stage, RA 
value is maintained at a low level but AF value is main-
tained at a high level, dominated by the tensile failure. 
In the D stage, the RA value rises sharply, the AF value 
decreases rapidly, failure pattern is gradually dominat-
ed by the shear.

Compared with the plain mortar, the extreme 
points of the RA values of four contents of polypropyl-
ene fiber reinforced mortar are higher, 15%, 31%, 29%, 
7% respectively on the A stage, showing that shear 
damage is more significant after the incorporation of 
polypropylene fiber. But the improvement effect does 
not increase with the increase of the fiber content, first 
increases and then decreases. Compared with plain 
concrete, the extreme points of the RA values of three 
contents of fiber concrete are higher, 12%, 27% and 
35% respectively on the A stage, which shows that the 
shear failure is more obvious. On the C stage, the RA 
value of polypropylene fiber reinforced mortar (3 000-
6 000 ms/V) is higher than that of the plain mortar (2 
000-4 000 ms/V); The RA value of polypropylene fiber 
reinforced concrete ( 5000-9 000 ms/V) is higher than 

that of the plain concrete (4 000-6 000 ms/V). It is 
showed that the tensile pattern has developed into the 
shear pattern with the addition of polypropylene fiber. 
On the D stage, the occurrence of macro cracks is ac-
companied by fiber pull-out which belongs to the shear 
failure.

Fig.5  Curves of RA and AF values of different content polypropylene fiber reinforced mortar

Fig.6  Relationship between average RA value and polypropylene 
fiber content for fiber reinforced specimens in different 
stage
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Figs.6(a) and 6(b) show the relationship between 
average RA value and polypropylene fiber content 
for fiber reinforced mortar and concrete specimens on 
different failure stages. From Fig.6.1, it can be seen 
that the average RA value of polypropylene fiber rein-
forced mortar and concrete increases with the increase 
of fiber content, the average RA value is relatively 
steep on the D stage, which shows that the fiber con-
tent has significant influence on the RA value on the D 
stage. From Figs.7(a) and 7(b), it can be seen that the 
average AF value of polypropylene fiber reinforced 
mortar and concrete decreases with the increase of 
fiber content, the average AF value is relatively steep 
on the C stage, which shows that the fiber content has 
significant influence on the AF value on the C stage. 
Comparing Fig.6(a) with Fig.7(a), it can be found that 
the growth of RA value is steep and the decrease of AF 
value is slow with the increase of the polypropylene 
fiber content. It means that the change of polypropyl-
ene fiber content has great effect on RA value in each 
stage, while has relatively small effect on AF value. 
Compared to the RA value, the AF value was used to 
identify the different contents of polypropylene fiber 
reinforced mortar specimens damage stage that would 
get excellent results. The conclusion is also applicable 
to the polypropylene fiber reinforced concrete from the 
analysis of Fig.6(b) and Fig.7(b).

 4.3  AE based b value
In addition, it can be used to analyze the fracture 

process of the fiber reinforced mortar based on the vari-
ation of the AE based b value. The formula of b value 
in the AE technology is[33]:

logN=a-b(AdB/20)                   (1)

where AdB is the peak amplitude of AE events in deci-
bels, N is the increment frequency, that is the number of 
AE events with amplitude greater than the threshold, a 
is the empirical constant and b is the AE based b value.

By Formula (1), b value is calculated by the dis-
tribution of amplitude. The more the low amplitude 
AE events the larger the b value, and the more the 
high amplitude AE events the smaller b value, so the b 
value represents the proportional relationship between 
small amplitude events and large amplitude events[34].
Generally, micro cracks generate a large number of low 
amplitude events, b value becomes large, and macro 
cracks are accompanied by a large number of high am-
plitude AE events, and b value becomes small. Alireza 
pointed out that 5% is the number of the total hits as 
the sample number in order to clearly recognize the 
tread of the b value if there are lots of AE hits[35]. In this 
paper, we choose 500 consecutive points as a point in 
order to compare the b value under the same stress lev-
el, with linear interpolation in every 5% stress level.

Fig.8 shows the variation of AE based b value 
on different stages corresponding to different fiber 
contents, based on the rule of the AE based b val-
ue[36]. The curve of the AE based b value with stress 
is divided into three stages: A (0-15% stress level), 
B (15%-90% stress level),  and C (90%-100% stress 
level). From Fig.8, it is observed that AE based b 
values of polypropylene fiber reinforced mortar and 
concrete are lower than that of the plain mortar and 
plain concrete respectively in the whole loading 
process.

On the A stage, the AE based b value shows in-
creasing trend and the higher fiber content the lower 
the AE based b value. This stage is mainly the forma-
tion and development of micro cracks[37], accompanied 
by low amplitude AE signals. The polypropylene fiber 
can form small polymer film to enrich the mortar inside 
pores and then the internal porosity decreases signifi-
cantly[38]. Under the axial compression loads, the ma-
trix crack decreases because polypropylene fiber could 
bear small part of the stress. Then, the low amplitude 
AE signal ratio of polypropylene fiber mortar is smaller 
than that of the plain mortar, so the AE based b value 

Fig.7  Relationship between average RA value and polypropylene 
fiber content for fiber reinforced specimens in different 
stage
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Fig.8  Curves of the AE based b value with the stress level for polypropylene fiber reinforced specimens

is lower. Although a small amount of fiber reinforced 
concrete aggregate is damaged, it could produce high 
amplitude signal, but the proportion is small, so the b 
value is lower. On the other hand, new crack is pro-
duced continuously under axial compression loads, the 
proportion of low amplitude signal is growing and then 
the AE based b value becomes bigger. The polypropyl-
ene fibers bear more stress with the increase of fiber 
content, so the proportion of low amplitude AE signal 
decreases with the increase of fiber content, then the 
AE based b value decreases with the increase of fiber 
content.

The AE based b value is in the state of fluctuation 
on the B stage. Probably when the micro crack prop-
agates to a certain extent, the crack tips connect with 
each other under high stress, then forms a large crack 
and stop propagating, the AE based b value decreases. 
When new cracks occur and begin to spread, the AE 
based b value begins to increase. So the AE based b 
value shows that state. No rule with the fiber content 
change is shown. Compared with the fiber mortar, the 
fluctuation of the fiber reinforced concrete is mainly 
due to the uniformity of the concrete which is not uni-
form than mortar, so the damage process is different, 
and thus the b value fluctuates obviously.

The AE based b value shows decreasing trend on 
the C stage and the higher fiber content the lower the 
AE based b value. This stage is mainly macro cracks 
and polypropylene fiber damage, accompanied by high 
amplitude AE signals[37], so the AE based b value is 
small. For fiber reinforced concrete, the macro damage 
of this stage is mainly the destruction of the aggregate. 
But the proportion of high amplitude signals is increas-
ing due to the continence of producing high amplitude 
signal, so the AE based b value shows a downward 
trend. The polypropylene fiber bears more stress in the 
early stage with more fiber, then more high amplitude 
AE signal is generated on the failure stage, so the AE 

based b value gets lower with the increase of polypro-
pylene fiber content.

5   Discussion

The cumulative AE energy of polypropylene fiber 
reinforced mortar and concrete in different stages is 
shown in Fig.3. The results showed that it accounted 
for 45% on the A stage, 45% on the B stage and 10% 
on the C stage for plain mortar; 40%-45% on the A 
stage, 35%-40% on the B stage and 10%-15% on the C 
stage for fiber reinforced mortar; 35% on the A stage, 
25% on the B stage and 40% on the C stage for plain 
concrete; 25%-35% on the A stage, 45%-50% on the B 
stage and 20%-25% on the C stage for fiber reinforced 
concrete. That is in accordance with the energy disper-
sion of fiber reinforced cement-based materials studied 
by Trainor[39]. However, the cumulative AE energy gap 
between the plain mortar and polypropylene fiber re-
inforced mortar at different stages is about 5%, which 
shows that the effect of polypropylene fiber on fiber 
reinforced mortar damage process is uniform at each 
stage. But the gap for fiber reinforced concrete is close 
to 20% on the B and C stages, which indicates that 
the effect of polypropylene fiber on fiber reinforced 
concrete is especially important in B and C stages, es-
pecially for C stage. It also shows that the failure pro-
cesses of polypropylene fiber reinforced concrete and 
polypropylene fiber mortar are obviously different.

The cumulative AE energy is positively related 
with the damage release energy[26]. It is found that the 
cumulative AE energy is from 7 000 to 20 000 due to 
the polypropylene fiber content from 0.0% to 2.0%; 
The cumulative AE energy is from 300 000 to 800 000 
due to the polypropylene fiber content from 0.0% to 
1.5%. It means that the damage energy increases with 
the increase of polypropylene fiber content. The ductil-
ity can be characterized by the damage energy, ductility 
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increases with the increase of damage energy, while 
the damage energy cannot be easily measured. The 
relationship between the cumulative AE energy and 
damage energy has shown that the ductility has a pos-
itive correlation with cumulative AE energy. Through 
the above analysis, it is proved that the cumulative AE 
energy can be used for the characterization of structural 
ductility, which offers early warning for the failure of 
the material. From Fig.8, the AE based b value ob-
viously decreases in the final failure stage, the plain 
mortar decreases from the 95% stress level and the 
polypropylene fiber reinforced mortar decreases from 
the 90% stress level; the plain concrete decreases from 
the 90% stress level and the polypropylene fiber rein-
forced concrete decreases from the 85% stress level. It 
decreases earlier with more polypropylene fiber. Thus, 
the fact that the duration of the AE based b value in the 
decline stage increases with the increase of polypro-
pylene fiber content also shows that the ductility of the 
specimens increases with the increase of polypropylene 
fiber content.

The AF value used to identify the damage stage 
would get excellent results. It was also found that the 
AF value rose from 20-25 kHz to 40-50 kHz on the 
A stage, fluctuated between 60 and 80 kHz on the C 
stage, eventually dropped to 55-60 kHz on the D stage. 
Therefore the AF value can be used as an important 
monitoring indicator for the damage prediction of the 
polypropylene fiber reinforcing mortar engineering. 
When the AF value rises from 20-25 kHz to 40-50 kHz, 
it indicats the engineering on the initial damage stage, 
when the AF value fluctuates in 60-80 kHz, it indicates 
the engineering on the damage development stage, 
when the AF value shows a downward trend and close 
to 55-60 kHz, it indicates actual project near failure. 
Similar conclusions were found for fiber reinforced 
concrete: when the AF value rises from 25-30 kHz to 
35-40 kHz, it indicates the engineering on the initial 
damage stage, when the AF value shows a downward 
trend and close to 45-55 kHz, it indicates actual proj-
ect near failure. And through the analysis of Fig.4 and 
Fig.5, we know that the A stage is shear failure; the C 
stage is mainly affected by tensile failure, while the D 
stage is mainly shear failure. Different damage stages 
correspond to the corresponding failure modes, so it 
can identify the failure modes by the damage stages.

Compared with the analysis results of the b value, 
the results showed that the A stage was slight damage 
corresponding to the micro cracks, and the C stage was 
serious damage corresponding to the macro cracks. Dif-

ferent damage stages correspond to different degrees of 
damage, and the damage degree can also be identified 
by the damage stage. By the change laws of the AF val-
ue, failure mode and damage degree can be determined 
through the identification of the damage stage. The 
health monitoring of the structure could be simplified 
to study and grasp the change laws of the AF value.

6  Conclusions

In this paper, the failure mode and damage degree 
evolution process of different polypropylene fiber rein-
forced mortar and concrete were studied by the method 
of AE characteristic parameters analysis. The following 
conclusions are obtained:

a) The compressive strength of polypropylene 
fiber reinforced mortar and concrete has no obvious 
change with the increase of fiber content, but the fail-
ure processes of them have obvious difference with 
the change of fiber content and the failure processes 
between fiber mortar and fiber concrete are obviously 
different. With the increase of fiber content, AE cumu-
lative energy decreased on the A stage and increased 
on the B stage. The AE cumulative energy is positively 
related to the ductility of the specimen. And the ductil-
ity of the specimens increases with the increase of the 
polypropylene fiber.

b) The change laws of AF and RA values on each 
damage stage could reveal the different failure modes. 
In the A stage, the proportion increased firstly and then 
decreased with the increase of fiber content, which is 
the RA value extreme points of the polypropylene fiber 
reinforced mortar more than that of the plain mortar. 
And the tensile performance increased firstly and then 
decreased, the 1% was the best, the tensile failure 
shifted obviously to shear failure. However, the tensile 
performance of fiber reinforced concrete increased with 
the increase of fiber content in the range of this paper.

c) The AE based b value increases on the A stage, 
drops in the C stage. And it decreases with the increase 
of polypropylene fiber content. It reveals that the ma-
trix cracked with lots of low amplitude micro cracks 
on the A stage and the fiber was pulled out with a large 
number of high amplitude macro cracks on the C stage.

d) Different damage stages have different AF val-
ues, while the content of polypropylene fiber has little 
effect on the AF value. The analysis of the change laws 
of the AF value can identify the damage stage which 
could be used to realize the identification of failure 
mode and damage degree.
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