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1. Introduction 

 
Since the ground is always subjected to seepage of water 

or contaminant flows, cutoff walls are one of the most 
efficient tools which have been introduced for tightening 
the ground against these factors. They are employed in 
different geotechnical structures such as the landfill 
underground barrier and dam foundation (DF) (Soroush and 
Soroush 2005). The material for producing cutoff walls is 
the same as that of normal concrete, however, due to the 
embedding in a relatively soft medium of soil, the cutoff 
wall should be adopted with adjacent media and therefore, 
the stiffness ratio of the two different media should be 
limited to a certain amount (ICOLD 1985). For this 
purpose, the betonies are added to the concrete mixture to 
produce concrete with specified specifications such as; 
lower stiffness and higher failure strain, which is 
represented as plastic concrete. Besides, the other 
characteristics determined for plastic concrete are sufficient 
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strength and the lower permeability (Chen et al. 2017, 
Afsar Dizaj et al. 2018, He et al. 2018a, b, Han et al. 2019, 
2020, Chen et al. 2021b). Due to the interaction with the 
dam’s body and the surrounded ground, the plastic cutoff 
wall is subjected to different external loads (Pisheh and 
Hosseini 2012, Cheng et al. 2016, Chen et al. 2018, Gao 
and Zhang 2019, Liu et al. 2019, He et al. 2020a, Jiao et al. 
2020a, Li et al. 2020c, Liu et al. 2020f). In addition, 
hydrostatic loads of reservoir lead to some stress and 
deformation in the cutoff wall. These loads happen during 
the first impounding and sequent fluctuation in the reservoir 
(Hinchberger et al. 2010, Yang and Sowmya 2015, Xu et al. 
2018b, Wu et al. 2019a, Gao and Lu 2020, Jiao et al. 2020b, 
Zuo et al. 2020a, b). The stress and strain in the cutoff wall 
are induced by these interactions and eventually may 
exceed the limit value and result in forming a crack in 
plastic concrete. The performance of the cutoff wall is 
weakened by this crack, which leads to creation of a 
passage for water seepage (Yang et al. 2018, Zhu et al. 
2019a, b, Abedini et al. 2020a, Huang et al. 2020b, c, Ju et 
al. 2020, Ni et al. 2020, Sun et al. 2020, Wang et al. 
2020b). The erosion in cutoff wall material results from the 
continuous seepage through the cracks and consequently 
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Abstract.  This study examined the relations between permeability of the concrete due to addition of new cracks. The different 
concrete types analyzed were standard concrete, reinforced steel fiber concrete, and reinforced concrete polypropylene fiber. In 
consideration of the improved polypropylene content of polypropylene fiber reinforced concrete, the crack diameter was 
decreased by 72-93% for up to 0.25% fiber and cracks were eliminated with 0.3% fiber inclusion. In terms of steel fiber-
reinforced concrete, the results showed that steel reinforcing macro fibers decrease the permeability of cracked concrete at wider 
crack widths. While the permeability of unreinforced concrete was the highest, 0.5% steel content resulted in lower permeability 
while a higher steel content concrete with 1% steel had the lowest permeability. Crack stitching phenomenon and the effect of 
multiple cracks may be attributed to the decrease in the permeability. With respect to normal concrete, the findings showed the 
crack opening displacement at the highest tension is less than 20 microns. At this loading stage, after unloading, around 80% of 
the displacement is restored and the residual crack opening is notably small, indicating the low impact of cracking on concrete 
permeability (CP) and showing that CP was increased with crack width. As a result, adding polypropylene aggregate to concrete 
could significantly reduce the width of crack, while adding steel fiber to concrete reduces the permeability of cracked concrete 
compared to normal concrete which may result in a minor crack on CP. 
 
Keywords:  plastic concrete; permeability; crack; water to cement ratio (W/C); bentonite to cement ratio (B/C) 
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leads to increasing the dimension of crack. The other factors 
that can create and extend cracks in cutoff wall are; higher 
hydraulic gradient at the connection areas between dam’s 
core and the cutoff wall (Rice and Duncan 2009, Zuo et al. 
2015, 2017, Jiang et al. 2018, Xu et al. 2018a, Guan et al. 
2019, Lv and Song 2019, Lv and Xiu 2019, Tsai et al. 2019, 
Lv and Qiao 2020), stress concentration because of major 
change in stiffness of the cutoff wall and foundation 
(Mahboubi and Ajorloo 2005), low quality of concrete 
during construction and slippage of the trench wall during 
filling. Although the possibility of cracks in plastic concrete 
is high and leads to increasing the water seepage, 
determining the cutoff wall permeability is according to the 
obtained results performed on the intact specimen, which 
may result in underestimating the seepage through DF 
(Wang et al. 2015, Li et al. 2019b, Zhao et al. 2019, 
Alyousef et al. 2020, Feng et al. 2020, Lv and Kumar 2020, 
Roy et al. 2020, Xu et al. 2020, Zhang et al. 2020h, i). The 
first effort to examine the crack effect in the cutoff wall was 
conducted by Marsal and Reséndiz (1971). An analytical 
equation was introduced by them to calculate the seepage 
through an opening or a defected area in a concrete wall or 
a sheet pile. Researchers have studied the cutoff wall 
performance after being subjected to cracks and evaluated 
the result of the infection of barrier elements in the DF 
(Rice and Duncan 2009). Concrete has different 
applications and can be employed to build bridges, 
buildings, dams, pavements, highways and so on (Ni et al. 
2019b, Cao et al. 2020a, Huang et al. 2020d, Qian et al. 
2020b, Wu et al. 2020a, Yu et al. 2020b, Zhang et al. 2020e, 
f). Hence, it is cast in various types such as previous, green, 
self-consolidating and high strength concrete (Hamidian et 
al. 2011, Mohammadhassani et al. 2014a, b, Shariati et al. 
2014b, Toghroli et al. 2017, 2018, Ziaei-Nia et al. 2018, 
Dinh-Cong et al. 2019, Li et al. 2019a, Trung et al. 2019b). 
The properties of concrete are improved using numerous 
methods such as cementitious replacement, fiber inclusion 
and surface protection (Sinaei et al. 2011, Shariati et al. 
2019c, Xie et al. 2019, Afshar et al. 2020, Alaskar et al. 
2020a, Naghipour et al. 2020, Shariati et al. 2020e, 
Toghroli et al. 2020). During the service life of building 
structures, several factors affect the behavior of concrete. 
Environmental loads such as seismic loads have a 
considerable impact on the properties of structural 
components (Ghassemieh and Bahadori 2015, Bahadori and 
Ghassemieh 2016, Mou and Bai 2018, Mou et al. 2019a, b, 
Zhang et al. 2019a, Alam et al. 2020a, b, c, Cao et al. 
2020c, f, Huang et al. 2020a, Pang et al. 2020) and the 
dynamic response of structures have been investigated 
extensively (Fanaie and Ezzatshoar 2014, Fanaie et al. 
2015, 2016, Al Kajbaf et al. 2018, Zhang et al. 2019b, 
Asadolahi and Fanaie 2020, Liu et al. 2020a, b, c). Besides, 
various environmental exposures can decrease the durability 
of concrete and other cement-based materials (Abedini et 
al. 2020b, Bao et al. 2020a, Hu et al. 2020, Kordestani et 
al. 2020, Wang et al. 2020a, e, Yu et al. 2020a, Zhang et al. 
2020c, Zhao et al. 2020). The permeability effect on 
concrete has been evaluated in several papers. In an 
experimental study, the influence of various parameters 
such as sample thickness, the material type and the average 

width of the crack on the permeability of concrete was 
examined. It was found that the permeability is highly 
affected by material type and crack parameters, except for 
the thickness factor which had a minor effect (Aldea et al. 
1999). Concrete is subjected to different loading conditions. 
Therefore, in recent years, several studies have been 
performed to evaluate the effect of applied loads on the 
performance of structural elements (Shariati et al. 2012, 
2013, 2014a, 2017, Zhu et al. 2018, Abedini et al. 2020a, 
Bao et al. 2020b, Zhang et al. 2020b, d, Zhang and Mousavi 
2020). Also, since the permeability of concrete could be 
affected by higher temperatures due to the possible thermal 
damage, the behavior of concrete and other elements should 
be assessed under elevated temperatures (Shahabi et al. 
2016, Shi et al. 2017, 2018, Davoodnabi et al. 2019, Xue et 
al. 2019, Li et al. 2020a, Shariati et al. 2020a, Yang et al. 
2020, Yue et al. 2020, Zhang et al. 2020g). In addition, the 
permeability of reinforced concrete (RC) under different 
loading scenarios as an essential topic has attracted the 
researchers’ attention (Fanaie et al. 2017, 2019, Liu et al. 
2017, Afrazi and Rouhanifar 2019, Zhang and Liu 2019f, 
Cao et al. 2020d, Ren et al. 2020, Chen et al. 2021a, Gao et 
al. 2021a, b). Investigations on different FRCs1 subjected 
to mechanical loading indicated that their water 
permeability has decreased compared to normal concrete 
(Afrazi et al. 2018, Chen et al. 2019b, Gao et al. 2020, Liu 
et al. 2020d, g, Huo et al. 2021, Jia et al. 2021, Zhang et al. 
2021). This is due to the fiber ability in providing higher 
tortuosity and lower porosity when applied in the concrete 
matrix (Liu et al. 2015, Hannawi et al. 2016, Deng et al. 
2019, Qi and Fourie 2019, Fu et al. 2020, Liu et al. 2020e, 
i, Bai et al. 2021). Rapoport et al. (2002) studied the 
permeability of cracked steel FRC. The decrease in 
permeability of cracked concrete was seen by applying steel 
fibers at larger crack width. It was also demonstrated that 
the permeability of unreinforced concrete was higher than 
of reinforced concrete. Moreover, for smaller cracks (below 
100 μm), the effect of fibers on permeability was not found. 
The water permeability assessment (Li et al. 2020d), as 
well as the uniaxial tensile loading test, were performed on 
different types of RC prisms such as HPC2, HPFRC3 and 
UHPFRC4. Results showed that the addition of fibers in 
concrete leads to decreasing water permeability compared 
to normal HPC (Hubert et al. 2015). In addition, the 
permeability of FRC and NSC5 under static and constant 
tensile loadings was investigated. Compared to the NSC, 
the FRC specimens showed lower permeability (Desmettre 
and Charron 2012). The influence of permeability on the 
FRC and NSC specimens under constant and cyclic 
loadings was also examined. The obtained results indicated 
that under both loading conditions, the permeability of FRC 
was lower than that of NSC (Desmettre and Charron 2013, 
Chen et al. 2019a, Cao 2020, Chen et al. 2020a, d, Cheng 
and Liu 2020, Wang et al. 2020c). The addition of 
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polypropylene (PP) fiber to concrete was studied in order to 
evaluate the plastic shrinkage cracks and permeability. It 
was deduced that incorporation of the fiber results in 
decreasing the crack width and plastic shrinkage cracks 
compared to plain concrete. However, it was revealed that 
incorporation of PP fibers in concrete increases the gas and 
water permeability (Islam and Gupta 2016). The concrete 
behavior can be evaluated by the SHM6 systems. The 
detection of damages and other detrimental factors is a 
necessary issue to improve the mechanical properties of 
concrete and assess the performance of other building 
materials (Zhang 2014, Afrazi et al. 2017b, Bahri and 
Harrag 2018, Sun et al. 2018, 2019, Zhang and Wang 
2019a, b, Chen et al. 2020c, Li et al. 2020b, Zhang and 
Wang 2020c). In order to eliminate the high cost of 
experimental studies and their time consuming process, 
several algorithms have been introduced which are more 
reliable than other classical numerical methods (Afrazi et 
al. 2017a, Zhang et al. 2018, Ding et al. 2019, Wu et al. 
2019b, Cai et al. 2020f, Chen et al. 2020e, He et al. 2020b, 
Wang et al. 2020d, f). In this regard, different types of 
Artificial intelligence techniques (Shariati et al.) such as 
machine learning (Qiu et al. 2019, Shariati et al. 2019b, d, 
Trung et al. 2019a, Cao et al. 2020e, Chen et al. 2020b, 
Qian et al. 2020a), Neural Networks (Ni et al. 2019a, Yang 
et al. 2019, Zhang et al. 2019c, Cao et al. 2020b, Mousavi 
et al. 2020, Shariati et al. 2020c, Shi et al. 2020a, b) and 
also hybrid algorithms (Shariati et al. 2019a, 2020b, d, Safa 
et al. 2020) are employed to predict the characteristics of 
structural elements . Hence, using these techniques can be 
of great help for scholars to predict the effects of cracks on 
the concrete permeability instead of other old-fashioned 
approaches (Gao et al. 2016, Liu et al. 2016, Nguyen 2017, 
Che-Ngoc et al. 2018, Chao et al. 2020, Liu and Liu 2020g, 
Liu et al. 2020h, Qu et al. 2020, Wu et al. 2020b, Zhang et 
al. 2020a, Zhang 2020). In addition to the above algorithms, 
the finite element method has been used as one of the most 
practical approaches in various engineering applications 
such as structural analysis (Fanaie and Tahriri 2017, Al-
khafaji 2019, Fanaie and Moghadam 2019, Qi et al. 2019, 
Abedini and Zhang 2020b, Alaskar et al. 2020b, Arif et al. 
2020, Gholipour et al. 2020a, b, Zhu et al. 2020). Hitherto, 
various researches have been carried out to examine the 
infected area and its effect on the performance of cutoff 
walls in the DF. However, the information on the direct 
impact of cracks on the hydraulic conductivity of plastic 
concrete material is not available in the literature. Hence, 
this paper is aimed to investigate the crack effect on the 
permeability of plastic concrete. To this end, several 
specimens are prepared by blending different percentages of 
cement and bentonite, with constant portions of water and 
aggregates. Then, for each mixture design, some specimens 
are loaded up to determine the level of stress, until cracks 
appear in the specimens. By conducting the permeability 
test on the both intact and cracked samples, preparing under 
specific conditions and comparing the results, the effect of 
crack on the permeability of plastic concrete is determined. 

 

 
6 Structural Health Monitoring 

2. Materials and methods 
 
In order to show the impact of crack on the permeability 

of concrete, three different concrete types were used in this 
study. First concrete type was polypropylene fiber 
reinforced concrete which is regarded as type 1, steel fiber-
reinforced concrete as type 2, and lastly normal concrete as 
type 3. 

 
2.1 Materials 
 
2.1.1 Cement 
The type of cement applied to polypropylene fiber 

reinforced concrete was Portland Cement which has the 
strength class 52.5 N. Regarding the clinker ratio (95–
100%) and gypsum (0–5%) in cement, the specific gravity 
was found to be 3.15. Considering steel fiber-reinforced 
concrete (type 2), ordinary type I Portland cement has been 
applied while using the steel fibers (0.5 mm diameter, 50 
mm long). In this experiment 1003200 mm (438 in.) 
cylinders were used for casting the test series. About 9 
months after the casting process, samples were examined. 
Furthermore, with regards to normal concrete (type 3), the 
concrete specimens had a thickness of 25 mm. During the 
splitting tests, samples were loaded such that they had 25, 
50, 80, 100, 140, 180, 350, and 550 microns of crack 
opening displacement. After the unloading stage, a 
microscope was used to see the crack patterns in some of 
the specimens. Table 1 shows the mix ratio of normal 
concrete (type 3). 

 
2.1.2 Superplasticizer 
In polypropylene fiber reinforced concrete (type 1), 

retarding superplasticizer was based on liquid 
polycarboxylic ether. A small amount of superplasticizer 
was used in steel fiber-reinforced concrete (type 2). 

 
2.1.3 Aggregate 
The coarse sand in polypropylene fiber reinforced 

concrete (type 1) was fine aggregate, and the coarse 
aggregate was crushed stone chips (based on ASTM C33) 
plus doing sieve analysis. In case of coarse aggregates, 
washed graded pea gravel (9.5 mm maximum size) has been 
applied in steel fiber-reinforced concrete (type 2), river sand 
as fine aggregates. 

 
2.1.4 Fiber 
Table 2 demonstrates the proportionality of the concrete 

mixtures found in polypropylene fiber reinforced concrete 
(type 1). In polypropylene fiber reinforced concrete (type 1), 

 
 

Table 1 Mix proportion of normal concrete (type 3) 

Materials 
Mix proportion 

(kg/m3) (Ib/yd3) 
Type 1 cement 344 579 

Water 195 328 
Pea gravel (oven dry) 1036 743 

River sand 858 1444 
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concrete (type 1), a non-metallic fiber, in other words 
polypropylene, was added for increasing the crack 
resistance and reinforcement (chemical stability corrosion 
with high strength and high temperature resisting). The 
fiber volume was from 0.1% - 0.3%. Also, as shown in 
Table 2, concrete with a steel fiber content 0.5% (Vf50.5%) 
and 1% (Vf51%) was used in steel fiber-reinforced concrete 
(type 2). 

 
2.2 Concrete mix proportions 
 
In order to achieve the target slump value of 75 to 100 

mm and strength value of 35 MPa within 28 days, a trial 
mixture was added to the polypropylene fiber reinforced 
concrete (type 1). By changing the superplasticizer dosage, 
desired workability was gained. Concrete mix design was 
based on ACI 211, 2009. A slump of fresh normal concrete 
(type 3) with the size of 3.2 cm had w/c of 0.41 (by weight). 
These specimens were cured within water in ambient 
(20°C) for 90-100 days prior to permeability and splitting 
tests. The compressive strength (CS) of 28-day was 45 MPa 
(6500 psi). Table 1 shows the concrete mix ratio of this 
research. 

 

 
 

 
 
2.3 Concrete mixture, curing and casting 
 
18 plains concrete and 72 fiber reinforced mixes were 

prepared (machine mixer) in polypropylene fiber reinforced 
concrete (type 1). Each trial consisted of 40 liters of the 
mixture. Right amount of fine aggregates (SSD), coarse 
aggregate (SSD) and cement were initially dry mixed (2 
minutes) followed by adding superplasticizer and water. 
These fibers were later added to the solution while aiming 
to get an equal distribution within the concrete (4 minutes). 
A slump test was performed to determine the workability of 
concrete. 150 mm cube specimens have been applied for 
strength and permeability tests. Oiled molds were used to 
prevent adhesion of concrete and later filled with concrete 
using a standard rod and covered with a wet Hossain bag in 
ambient temperature (24 h). After removing from the molds, 
they were cured in freshwater (1 week), strength test (28 
days) and permeability tests (28 days). 

 
2.4 Concrete strength testing 
 
In polypropylene fiber reinforced concrete (type 1), the 

strength of the split tensile was built upon EN 12390-6 
(2000) and CS on EN 12390-3 (2009). 

Table 2 Concrete mix proportions on as polypropylene fiber reinforced concrete (type 1) 

Mix code W/C1 B/C2 Water 
(kg/m3) 

Cement
(kg/m3)

Bentonite
(kg/m3) 

Sand 0~4.75 mm
(kg/m3) 

Gravel 4.75~9.5 mm 
(kg/m3) 

Gravel 9.5~19 mm
(kg/m3) 

A1 2.3 0.2 400 119 24 620 280 475 
A2 2.2 0.2 400 125 29 620 280 475 
A3 2.7 0.2 400 133 56 620 280 475 
A4 2.1 0.2 400 142 35 620 280 475 
A5 2.0 0.2 400 200 40 620 280 475 
B1 3.0 0.3 400 133 40 620 280 475 
B2 2.8 0.3 400 1413 43 620 280 475 
B3 2.6 0.3 400 154 46 620 280 475 
B4 2.4 0.3 400 167 35 620 280 475 
B5 2.2 0.3 400 182 55 620 280 475 
B6 2.0 0.3 400 200 60 620 280 475 
C1 3.0 0.35 400 133 23 620 280 475 
C2 2.8 0.36 400 143 50 620 280 475 
C3 2.6 0.35 400 154 54 620 280 475 
C4 2.4 0.32 400 167 55 620 280 475 
C5 2.7 0.35 400 182 64 620 280 475 
C6 2 0 400 200 67 620 280 475 

 

*Superplasticizer. Polypropylene fiber reinforced concrete (type 1), steel fiber-reinforced concrete (type 2), normal concrete 
(type 3) 

Table 3 Mix Proportions (by Weight), Steel Fibers (by Volume) in Concrete (type 2) 
Mix Cement Water Sand Gravel Super- plasticizer Steel fiber volume 

Control 1 0.45 2 2 0.006 — 
Steel 0.5% 1 0.45 2 2 0.006 0.5% 
Steel 1.0% 1 0.45 2 2 0.006 1.0% 
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Fig. 1 Permeability water testing tool, water flowing ratio 
measuring inside the concrete sample 

 
 𝑓 ௖௧ = 2𝐹𝜋𝐿𝑑 (1)

 
F = maximum load (N) 
d = designated cross-sectional dimension (mm) 
fct = tensile splitting strength (MPa) 
L = line of contact of specimen’s length (mm) 
 
2.5 Permeability testing 
 
Regarding polypropylene fiber reinforced concrete (type 

1), the gas and water permeability tests have been 
conducted for fiber reinforced and plain concrete with fiber 
volume 0.2%, 0.25%, 0.3%. In this case, adding 
polypropylene fiber raises the permeability of gas and water 
in concrete. Plain concrete’s water permeability coefficient 
was 5.941013 m/s after the addition of 0.2% fiber, while 
this number was 14.991012 m/s when the added fiber was 
0.3%. Alternatively, the initial gas permeability coefficient 
in kg’s for the plain concrete was around 47.921011 m2. 
This value was increased by 60% when the added fiber was 
increased by 0.25%. Meaning, the gas permeability was 
raised as the fiber volume was raised in the mixture. In this 
test, minimal 0.2% fiber was taken. Following Singh and 
Singhal (2011) and Miloud (2005) shows that the 
permeability was similar by adding the steel fibers (0–
0.4%) in comparison to this test with polypropylene fibers. 
The difference between steel fiber and other ingredients is 
that steel is not applicable for polypropylene fibers in 
concrete. In steel fiber-reinforced concrete (type 2), by the 
cracking of samples, they become ready for the 
permeability test of water. Samples were vacuumed in a 
vacuum jar (1 mm Hg for 3 h) based on ASTM C 12027 
while deionized water has been added and vacuumed for 
extra 1 hour, then pumped off. The process followed by 
keeping the samples in water for extra 18 h. After 
saturation, every sample has been removed to the 
permeability test of water. Water is added to the system for 
permeability testing. More water was added to pipette while 
flowing within the concrete (out of the copper tube). The 
water ratio was altered inside the pipette to compute its 
flowing within the sample and the material’s permeability. 
By dropping the primitive water ratio in pipette, extra water 

 
7 standard for the rapid chloride permeability test ASTM 1994 

Fig. 2 Three concrete sample size
 
 

has been added. It was noted that the primary permeability 
was significantly greater than the final permeability. While 
starting the test, the specimens might not be perfectly 
saturated, therefore, water flowed inside the system up to 
reaching the permeability degree to a roughly stable level. 
When dealing with samples which have big cracks water 
should be added multiple times in the span of 24 h, instead 
of adding water once and waiting 24 h for it to penetrate to 
each specimen. The permeability coefficient of the material 
was calculated by taking the sample mean of 10 readings. 
These readings were taken when the permeability reached a 
constant value. The water flow through the system was kept 
on, then Darcy’s law is used. Due to the flowing of water, 
the flowing ratio in pipette is 

 𝑑𝑉 = 𝐴ᇱ ൬𝑑ℎ𝑑𝑡൰ (2)
 𝐴’= pipette’s cross-section area 
t = the time taken for passing a proper amount of water 

within the system 
H = head of water formed by the water in pipette and 

chamber height 𝑉 = all the water rate flowed in sample 
 
Darcy’s law 
 𝑄 = 𝑘𝐴 ℎ𝑙  (3)
 
l = sample’s thickness 
A = concrete cross-sectional area 
k = the studied parameter and permeability coefficient 
Q = flowing ratio within the sample (𝑑𝑉/𝑑𝑡) 
 
The permeability tests of water have been conducted on 

cracked samples when dealing with normal concrete, which 
also includes the test setup, specimen vacuuming and 
saturation, permeability measurement, and the preparation 
of the specimen for rapid chloride permeability tests 
(AASHTO T277). Samples along with the de-aired water, 
which was obtained from boiling deionized water for about 
2 hours, were vacuumed in the water for 1 hour. This 
procedure was followed by putting the samples in a 
desiccator and soaking them for at least 12 hours. 
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Fig. 3 Placing the samples that were 28 days cured and 
dried 

 
 

Fig. 4 Removing the samples after 72 +/- 2 hours
 
 

Fig. 5 Clean the water from samples 
 
 
2.6 Testing process 
 
Extraction form the desiccator: Considering the top and 

bottom surfaces of samples, its middle part was surfaced 
with a rubber disc (75 mm diameter, 1.6 mm thickness). 
Next, two plexiglas rings with the help of silicone rubber 
were placed on both top and bottom surfaces of the 
samples. These plexiglas rings had an inner diameter of 76 
mm, thickness of 5 mm, and height of 25 mm. Afterwards, 
deionized water was added to cells in the below and above 
the samples. By filling the pipette (with water), a 
permeability water test was started. Water was dropped 
from top to bottom (300 mm of water) and regularly 
measured (once a day) on the basis of water flowing ratio in 
sample. 

For every measuring the pipette was reloaded in order to 
keep the ratio of the water in the mixture constant. In this 

Fig. 6 Immediately split the samples in the plane 
perpendicular to the face on which the 
pressure was applied 

 
 

Fig. 7 The crack performed by pressure (In three concrete 
types)

 
 

research, the majority of samples have been tested for 20 
days (few for 50 days) to be sure from the gain of the state 
flow. Considering the Darcy’s law, permeability coefficient 
k (cm/set) for a falling water head is 

 𝑑𝑄𝑑𝑡 = − 𝐴ᇱ𝑑ℎ𝑑𝑡 = 𝑘 ℎ𝐿 𝐴 (4)
 − 𝑑ℎℎ = 𝑘 ℎ𝐴𝐴ᇱ𝐿 𝑑𝑡 (5)
 
Taking the integral from h0 to h1 
 𝑘 = 𝐴ᇱ𝐿𝐴𝑡  𝑙𝑛 ℎ ଴ℎ ଵ (6)

 
L = sample thickness (cm) 
Q = water flow content (cm’) 
A = sample’s cross-sectional area (cm’) 
ho = initial water heads (cm) 
hi = final water heads (cm) 
t = time 
A’ = pipette’s cross sectional area (0.5 cm’) 
 
2.7 Splitting Tension Test (Brazilian Test) 
 
The splitting test used in splitting normal concretes, has 
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Fig. 8 Measuring the water penetration and cracks
 
 

 
Fig. 9 Defining the crack place 

 
 

Fig. 10 Measuring the crack in samples 
 
 

 

Fig. 11 The crack in unreinforced specimen 500 µm in 
concrete type 2

 
 

Fig. 12 The crack size 20 mm in concrete type 1 (steel 1% 
specimen

 
 

a closed-loop feedback controller. Closed-loop test 
machines function by adjusting the actuator (loading ram) 
to get a desired value from a measured parameter or a 
feedback signal. It was the mean of measured parameters’ 
displacement (stroke or force) through the lateral linear 
variable differential transducer (LVDTs) for these tests. A 
constant increment of the favored variables, the feedback 
measurement variable is raised despite decreasing the load 
carrying capacity of the sample. In this experiment, a 
cylindrical specimen (25 mm thickness, 100 mm diameter) 
was significantly loaded. One LVDT (0.5 mm) was firmly 
situated on both sides of the sample in a perpendicular 
fashion to the loading direction. This would make sure that 
the crack opening displacement (COD) is monitored. 
Plywood strips (3 mm thickness, 25 mm wide) were located 
between the loading plates and samples to avoid the 
 
 

 
Fig. 13 The effect of adding Superplasticizer in 7, 28 and 90 days curing period on the compressive strength in 

polypropylene fiber reinforced concrete (type 1)
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crushing at loading points. The displacement mean 
(average) of two LVDTs have been computed while the 
feedback control parameter (crack opening displacement 
mean) has been raised in a stable ratio of 0.2 p.m/sec. 
Samples were loaded to a predetermined crack width in a 
feedback controlled statue that later were unloaded in force 
control. Despite the average displacement, crack opening 
displacement of any LVDT, time, force and stroke have 
been recorded along the excrement. 

 
 
 
 

 
 

 
 

3. Result and discussion 
 
3.1 Concrete strength testing 
 
Regarding the polypropylene fiber reinforced concrete 

(type 1), the average of target strength in the laboratory was 
43.5 (MPa) following ACI 211 (2009). By raising the fiber 
volume, CS was decreased. Adding 0.3% fibers to the 
concrete, makes CS decrease (10%) compared to control the 
concrete. The combination of polypropylene fiber (0–0.4%) 
and steel (0.8% fixed) reduces CS after polypropylene fiber 

 
 

 
 

 
 

 
Fig. 14 The effect of adding graded pea gravel (9.5 mm maximum size) in 7, 28 and 90 days curing period on the 

compressive strength in steel fiber-reinforced concrete (type 2)

 
Fig. 15 The compressive strength of normal concrete (Type 3) 

 
Fig. 16 Schematic design of Water permeability tool for normal concrete 
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content reaches a percentage higher than 0.2%. Addition of 
polypropylene fibers up to 0.2% alongth with 0.8% steel 
fiber, raised the CS value of the concrete. In steel fiber-
reinforced concrete (type 2), cracks were applied to a 
specified crack mouth opening displacement (CMOD). 
Later, these cracks were relaxed while being unloaded. 
Every data point represents the data average of two 
samples. Concrete with no steel fibers (unreinforced) 
indicates the most crack relaxation (roughly 62%) but not in 
concrete with steel fibers. This result shows that the fiber-
reinforced concrete has a highly inelastic (unrecoverable) 
deformation compared to the unreinforced one. In every 
experiment, the two samples were cracked to each specific 
CMOD, samples were tested and cracks were relaxed. After 
relaxation for any crack level, the ultimate CMOD was 
totally near to any treatment. Typically, the differential 
CMOD in relaxed cracks was not more than 5 mm for 100 
mm cracks and 20 mm for the above 100 mm cracks. 
Additionally, steel fiber (1%) declines the permeability 
greater than 0.5% because of the multiple cracking and its 
stitching effect. Steel fibers can bind the cracks at the ends 
and decrease its length and area for permeability. 50 mm 
thickness size was used for cutting the samples, followed by 
cracking to a particular CMOD (f 100, 200, 300, 400, or 
500 mm) through Splitting Tension Test. Fig. 8 shows the 
test tools. Splitting Tension Test compresses a circular 
sample making tensile stresses inside the middle of the 
sample that make cracks in the sample. A strain gauge 
extensometer (with a LVDT in maximal displacement of 1 
mm or 0.5 mm) was joined to both faces of the sample to 
measure the width of crack(s). The displacement mean of 
 
 

two strain gauges or LVDTs has been considered as a 
feedback signal to control the cracking. On recording the 
cracking and loading. Cracks were induced at an opening 
ratio of 0.1375 m/s to the proper CMOD while recording 
the loading histories. While using LVDTs to induce 400 and 
500 mm cracks, the strain gauges have been applied to 
induce cracks up to 300 mm. Later, specimens were 
unloaded and cracks relaxed and measured. In other words, 
steel fiber alters the geometry of crack from one big crack 
to few smaller cracks due to the distribution of stress within 
the material. Only the central big crack is obvious since the 
permeability is associated with the crack width’s cube, few 
smaller cracks could be low permeable than one big crack. 
As noted, steel fibers (or more fiber) could decline the 
permeability of cracked concrete. Tsukamoto (1990) and 
Tsukamoto and Worner (1991) have tested microfiber 
reinforced concrete on the slopes of permeability lines, 
resulting in raising fiber content and reducing the 
permeability of cracked concrete. The tests were conducted 
with 95% reliability for cracks larger than 100 mm. The 
permeability differential is not essential with 95% reliability 
for cracks smaller than 100 mm. 

 
3.2 Splitting Tension Test (Brazilian Test) or Tensile 

strength 
 
The association between (type 1) and concrete tensile 

split strength regarded to control concrete indicated the 
benefits of mixing polypropylene fibers to concrete. Fibers 
are as the crack arrester in a concrete matrix. It was found 
that tensile strength was more than control (0% fiber) 

 
 

 

(a) (b) 
 

 
(c) (d) 

Fig. 17 The fiber volume 0.1% - 0.3%. in concrete Type 1(a, b) and steel fiber content 0.5% (Vf50.5%) and 1% (Vf51%) 
in concrete Type 2 (c, d)
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concrete with addition of 0.25% fiber and above this 
amount, tensile strength was less than control concrete. By 
adding up to 0.25% fiber, 28-day tensile strength was 
increased 10% to 39%.  The best outcome was seen in 
39% tensile splitting strength increment with 0.1% fiber 
addition. More fiber reduced the tensile strength while 
comparing with the control concrete (adding fiber 0.25%). 
It was noted that the combination of steel fiber 0.8% to 
polypropylene fiber raises the concrete’s tensile strength if 
the addition ratio of polypropylene fibers is up to 0.3%. 
Tensile strength reduction also occurred. By adding the 
0.3% polypropylene fiber (0.3%), strength has been raised 
(up to 60%), which reduced the tensile strength. In normal 
concrete (Type 3), the peak load happened at the transverse 
displacement mean (20 micron) with tensile strength of 6 
MPa. The load was declined because of the advent of cracks 
in concrete after passing the peak stress. Typically, cracks 
were opened on one face and later on the other face while 
following the LVDTs data. Therefore, using the 
combination of lateral displacements measured on both 
faces as the feedback signal to guarantee a stable feedback 
control is essential. When displacement was raised, load 
was declined (75%) and became constant. In this study, the 
crack opening displacement indicates the displacement 
between two points in which one LVDT was amounted for 
all loading levels. By reaching the measured displacement 
to the predetermined cracked width, the sample was 
unloaded. There was a less steep across unloading than 
loading, indicating the reduction of concrete stiffness 
because of cracking. This reduction depended on the 

 
 

 
 
maximal crack opening displacement of the specimen. 
Based on Fig. 9, stiffness of cracked concrete was 
determined as a line slope joining the two points with 
stresses of 1 and 3 MPa in the unloading curve. After 
complete unloading, the crack opening displacement was 
declined, e.g., the crack partially was recovered or closed 
because of the elasticity of material. In case of unloading of 
the sample before reaching the peak load, roughly 80% of 
displacement might be recovered and the remaining crack 
opening displacement would be very small. Thus, crack 
might bring low impact on CP (as measured on unloaded 
samples). 

 
3.3 Permeability tests 
 
In normal concrete, it was found that at the initial test, 

the cumulative water flowing was raised nonlinearly along 
time, however, became constant after 3 weeks. This 
nonlinearity might be because of the incomplete saturation 
of sample and unavoidable air bubbles within the sample. 
The decreasing flow ratio could be because of the 
substances’ precipitation from leaching of calcium 
hydroxide in concrete during the time. Substances could fill 
the little pores on the surface of concrete for declining 
permeability. Calcium hydroxide leaching occurred along 
the concrete specimens’ curing under water.  While the 
flow rates were essentially low, it was resulted that having a 
small crack, CMOD is ≤ than 50 microns. Accordingly, 
permeability readings could be once a day in the initial test 
week, then once in every 2 days or every 7 days to minimize 

 
Fig. 18 Stiffness reduction in concrete due to crack opening

 
Fig. 19 Void content of concrete with polypropylene fiber reinforced concrete (type 1) 
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the reading errors. Water flowing ratio was adequately high 
for the specimen with a CMOD of 180 microns. Reading 
was done twice a day along the initial test days preventing 
the water dropping below the readable lever on pipette. The 
permeability coefficient (𝑘) of a sample was computed 
through the slope of the best-fitting straight line of the last 
part of its permeation curve and considering the falling 
water head in a reading time interval. For samples with 
crack opening displacements of 350 and 550 microns, less 
than 2 minutes is required for water dropping from the top 
to the bottom of the pipette. Thus, the water drop time laps 
were recorded and the close mean of five flow ratio 
measurements has been applied for permeability coefficient 
measurement. Relationship between crack openings and 
water permeability was observed if the CMOD of a 
specimen was lower than 50 microns in loading, showing 
less impact of crack opening on CP. In the case of raising 
CMOD from 50 to 200 microns, water permeability was 
raised quickly. However, when the CMOD was more than 
200 microns, the increasing water permeability ratio 
became steady. Crack length and cracks’ number could 
affect CP beside crack width. Accurate measurements are 
needed for measuring the crack length including micro 
cracks and few cracks throughout the samples. Regarding 
concrete deterioration due to cracking, AC1 Building Code8 
limits crack widths by confining the flexural reinforcement 
distribution in reinforced concrete design. According to this 
research, the permeability coefficient of concrete is around 
10-3 to 10-2 cm/set, when CMOD are about 300 - 400 𝜇𝑚 

 
8 (AC1 318-89 Commentary, Section 10.6) 

 
 

 
 
compared to 10-10 to 10-9 cm/set for untracked concrete. 
Regarding this high permeability, considerable leaking and 
subsequent corrosion of reinforcement might be seen in 
concrete during a limited service time. Cracks generated by 
splitting tests might be similar in widths on the inside like 
the samples’ surface, while the crack widths adopted by the 
Code are the surface crack widths and actual shear 
deformation of concrete cover. The curvature of flexural 
members would lead to narrower crack widths at the level 
of steel than at the surface (i.e., V-shaped cracks). 

 
 

4. Conclusions 
 
By conducting a few tests on three concrete types, this 

study was going to analyze the impact of crack on the 
permeability of these concrete types. Analyzing the test 
outcomes of concrete (type 1) have shown that by the rise 
of polypropylene content, the crack width essentially was 
declined (72–93% for up to 0.25% fiber) and cracks nearly 
vanished with 0.3% fiber addition. In case of a crack 
beyond the accepted domain in plain control concrete, 
adding fiber decreased the width of crack in the acceptable 
confinement (3 mm) following ACI 224 (2007). Going to 
the analysis of steel fiber-reinforced concrete (type 2), at 
larger crack widths, steel reinforcing macro-fibers declines 
the permeability of cracked concrete. More steel content 
(1%) declines the permeability more than the less steel 
content (0.5%) that is less than the permeability of 
unreinforced concrete. It could be because of crack stitching 
and few cracking impacts of steel fiber reinforcement. Also, 
the permeability differentials more than 100 mm (in all test 

 
Fig. 20 Void content of concrete with steel fiber-reinforced concrete (type 2) 

 
Fig. 21 Void content of concrete with normal concrete (type 3) 
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series) are significant with 95% reliability. In cracks below 
100 mm, steel reinforcing macro-fibers sound with no 
impact on the permeability of concrete. Considering the 
normal concrete (type 3), it was shown that 1) CMOD is 
recorded along the loading and after unloading 2) cracks are 
made by tensile stresses and 3) the cylindrical samples used 
in loading tests are preferable for standard CP tests. Also, 
the results showed that the CMOD at the peak stress is 
lower than 20 microns. At this loading level, about 80% of 
CMOD is recovered after unloading, and the remaining 
CMOD is highly small, indicating the little impact of 
cracking on CP. On the other hand, water permeability of 
concrete with various crack widths was measured, resulting 
in CP being raised with crack width. The permeability 
increment range depended on the crack opening value in 
concrete. When CMOD was less than 50 microns under 
loading, there was a less effect of crack opening on CP, 
however, by the rise of CMOD (50 to 200 microns), CP was 
rapidly increased. When CMOD was beyond 200 microns, 
the water permeability increment ratio became steady. As a 
result, adding polypropylene aggregate to concrete could 
significantly reduce the width of crack, while adding steel 
fiber to concrete reduces the permeability of cracked 
concrete compared to normal concrete that might indicate 
less impact of cracking on CP. 
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