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The effects of air-entraining agent (AEA) and polypropylene fiber (PPF) on the
autogenous shrinkage and fracture properties of fully recycled aggregate
concrete (FRAC) are studied to obtain FRAC with low density, low
autogenous shrinkage, and superior fracture properties. Six groups of FRAC
with different AEA (0, 5%, 10%) and PPF (0, 1.2 kg/m®) contents were prepared
for test. The results illustrate that AEA can slightly reduce density but that it has
an adverse effect on the strength and fracture properties of FRAC. The
incorporation of PPFs can reduce the adverse effect of AEA on compressive
strength and splitting tensile strength, but it will increase the adverse effect on
fracture properties. Furthermore, the addition of PPFs alone will significantly
reduce compressive strength and splitting tensile strength, whereas flexural
strength and fracture properties are increased. The addition of AEA can improve
the adverse effect of PPFs on compressive strength and splitting tensile
strength, but flexural strength and fracture properties will decrease rather
than increase. The addition of 10% AEA can greatly reduce autogenous
shrinkage, and 5% AEA can reduce autogenous shrinkage at an early age.
Incorporating PPFs can further reduce autogenous shrinkage. The study
mainly examines the effects of AEA and PPF on the autogenous shrinkage of
FRAC, and provides some new ideas for producing high-performance FRAC. At
the same time, the cooperative effect of AEA and PPF on the properties of FRAC
is also studied.
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1 Introduction

Concrete is a composite material widely used in the
construction, electrical, mechanical, and chemical industries,
which demands a large amount of natural gravel and river
sand in the course of its pouring process. Roughly 32 billion
to 50 billion tons of sand are used globally each year; the mining
speed of sand and gravel, two non-renewable natural resources,
far exceeds the pace of natural renewal (Bendixen et al., 2019).
The excessive mining of river sand has lowered water tables and
hastened river-bed scour, damaging bridges and embankments,
thus causing a sequence of environmental, social, and economic
problems (Torres et al.,, 2017). On the other hand, with rapid
urbanization, a mass of construction and demolition (C&D)
wastes are generated annually in the process of reconstruction
and new construction. In China, 1.55-2.40 billion tons of C&D
wastes are produced every year (Liu et al, 2020), causing
environmental pollution and the waste of resources. Recycling
C&D wastes is a significant step in the pursuit of global
environmental sustainability (Anike et al., 2019; Yang et al,
2022). The treatment and application of C&D wastes are
major problems in the development of urban construction.
The application technology of recycled aggregate concrete
(RAC) can not only reduce the mining of natural gravel and
river sand but can also effectively consume C&D wastes (Deresa
et al., 2020).

According to particle size, products derived from C&D
wastes mainly include recycled coarse aggregate (RCA),
recycled fine aggregate (RFA), and recycled powder (RP).
Compared with natural coarse aggregate (NCA), RCA has
lower density and higher water absorption due to the old
cement mortar adhering to its surface (Shi et al, 2016).
Moreover, the damage accumulation of C&D wastes in the
process of recycling and crushing causes a large number of
tiny cracks in RCA, resulting in its lower strength (Cakir,
2014). Because of the difference in the physical properties of
RCA and NCA, the mechanical properties and durability of
recycled aggregate concrete (RAC) are lower than natural
aggregate concrete (NAC) (Guo et al, 2018). About 40% of
products produced from C&D wastes are RFA and RP (Zhang
et al,, 2022) but RFA is generally considered a low-value product
and is severely restricted in application to concrete manufacture
because of its instability, high water absorption, and high
quantity of old cement mortar (Evangelista and De Brito,
2014). In order to make full use of C&D waste, much
research has investigated improving the properties of RAC
the 2020)
incorporating reinforcing materials (Cantero et al, 2020).

through mix design (Bidabadi et al, or
However, both of these increase cost, thus restricting RAC’s
large-scale engineering application.

Cracking can affect the overall performance of concrete and
accelerate the corrosion of its steel reinforcement; this can be

divided into non-load and load cracking. About 80% of non-load
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cracking is caused by concrete shrinkage. The autogenous
shrinkage of concrete is defined as a reduction in volume
which occurs without moisture exchange between the internal
concrete and external air (Zhang et al,, 2020), triggered by self-
drying from the hydration reaction of cement (Hua et al., 1995;
Tazawa and Miyazawa, 1995). Autogenous shrinkage usually
occurs in the early stage of the hydration reaction of concrete.
At this stage, the concrete’s tensile strength is low, and may not
be enough to withstand the stress generated by autogenous
shrinkage, thus causing early cracking (Wang et al., 2022a). In
high performance concrete (HPC), the effect of autogenous
shrinkage is more significant, and the development of RAC is
also trending towards high performance. Therefore, it is very
important to study how to reduce the autogenous shrinkage of
RAC. Fracture properties are the evaluation criteria of the
resistance of concrete to the unstable development of initial
cracking under load. Several studies indicate that, with an
increase in the replacement rate of RCA, the fracture
properties sharply reduce (Choubey et al., 2016).

Air-entraining agent (AEA) is often used in concrete
manufacturing in cold regions, since pores exert a pivotal role
in concrete structures against freeze-thaw action—pores act as a
reserve of volume against water expansion when concrete freezes.
AEA can introduce tiny air bubbles of up to 100 pm in size inside
concrete (Chen et al., 2014). Therefore, structural standards in
cold regions generally require the use of AEA in concrete
manufacturing with the aim of assuring proper freeze-thaw
strength. The correct application of AEA can provide
adequate protection against internal cracking in concrete
subjected to freeze—-thaw action (Wu et al, 2020; Gonzalez
et al,, 2021). The addition of AEA can also reduce the density
of concrete, enhance its workability (Ruan and Unluer, 2017),
and improve its fire resistance (Khaliq and Waheed, 2017) and
crack resistance (Wang et al., 2014).

Polypropylene fiber (PPF) is a milky-white, tasteless,
odorless, non-toxic, economical, and lightweight material; it
rarely corrodes in concrete and resists aggressive chemical
erosion (Deng et al,, 2020). Incorporating PPF into concrete
can increase concrete’s splitting tensile strength (Li et al., 2016),
flexural strength (Cho et al., 2014), impact resistance (Md and
Unnikrishnan, 2022), crack resistance (Wang et al., 2021), and
ductility (Orouji et al, 2021). The addition of PPFs can also
reduce its autogenous and total shrinkage (Saje et al., 2011) and
improve fracture properties (Liang et al., 2021).

In this paper, both RCA and RFA were used to make FRAC.
AEA and PPF were mixed into FRAC as the main experimental
variables in the expectation that FRAC would obtain a light
density and good crack resistance, and also meet the
requirements of building structure engineering. This would
provide a method for making high-performance FRAC. Fly
ash and water-reducing agent were used to improve the pore
structure and workability (Wang et al., 2022b). The mechanical
properties, autogenous shrinkage, and fracture properties of
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TABLE 1 Properties of aggregate.

RCA GB/T 25,177
Apparent density (kg/m?) 2734.8 >2450
Water absorption (%) 2.56 <4.0
Crush index (%) 14.1 <12

Fineness modulus — —

FRAC were mainly tested; the double-K fracture model (Shilang
and Reinhardt, 1999a; Shilang and Reinhardt, 1999b) was used to
evaluate the fracture properties of FRAC.

2 Experimental programs

2.1 Materials

Grade 42.5 Portland cement, recycled coarse aggregate
(RCA), recycled fine aggregate (RFA), polypropylene fiber
(PPF), air-entraining agent (AEA), water-reducing agent
(WRA), and fly ash were used in the test. The properties
of RCA and RFA are shown in Table 1. China’s national
standards for first-grade recycled aggregate for construction
and the properties of local natural aggregate are also included
in Table 1 for reference. The RCA used in this experiment
conforms to the stipulations in Chinese standard GB/T
25177-2010 (China
Administration Committee and General Administration of

National Standardization
Quality Supervision Inspection and Quarantine of the
People’s Republic of China, 2010) and belongs to second-
grade recycled coarse aggregate for construction. The RFA
also conforms to the stipulations of Chinese standard GB/T

14684-2022 (Ahmed and Maalej, 2009; National
Standardization ~Management Committee and State
Administration of Market Supervision and

Administration, 2022). The fineness modulus of RFA was
3.15, greater than 3 and less than 3.2, and is thus first-grade
coarse sand. Compared to NCA in literature (Gao et al,,
2017), RCA has higher water absorption, higher crush index,
and lower apparent density; thus, its strength is worse and
quality lighter. The apparent density of RFA is similar to that
of NFA, but its water absorption is about six times higher.
The specific surface area values of Portland cement and fly
ash are 1.16 and 1.05m?g, respectively. The length of
polypropylene fiber was 9 mm and its density was 0.9 kg/
m®. The air-entraining agent was GYQ-3 high-efficiency air-
entraining agent, and the water-reducing agent was a
polycarboxylic acid water-reducing agent with a water-
reducing rate of 27%.

The water/cement ratio was 0.53, the sand ratio 0.35, and
mixes with fly ash accounted for 30% of the total cement
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NCA RFA GB/T 14,684 NFA
2814 2594.7 >2500 2556.2
14 3.7 — 0.56
8.8 — — _

— 3.15 23-32 267

weight. The content of air-entraining agent was selected as 0,
5%, and 10%, (the ratio of the weight of air-entraining agent to
the weight of cement). The content of polypropylene fiber was
1.2 kg/m?, equivalent to 0.13% volume rate. Detailed concrete
composition is shown in Table 2. In the table, notation Y
represents the content of air-entraining agent, notation P
the fiber; thus,
Y5P1.2 represents a specimen with 5% air-entraining agent

represents content of polypropylene
and 1.2 kg/m’ polypropylene fibers.

The mixing process was as follows. Firstly, cement, fly ash,
sand, and fiber were added in a concrete mixer and mixed for
2 min to ensure the fibers were well dispersed. Secondly, air-
entraining agent, water-reducing agent, and half of the water
were added to the mixer and stirred for 1 min to mix the
materials into mortar, allowing the air-entraining agent and
the water-reducing agent to fully react. Finally, the recycled
coarse aggregate and the remaining water were added and
mixed thoroughly for 1 min. After blending, the concrete was
put into the mold and vibrated on the vibrating table for 60 s,
before its surface was smoothed and put into a standard curing
room with a 20°C temperature and 90% humidity.

2.2 Measurement methods

2.2.1 Mechanical properties

The 100 mm® cube specimens were used to test density,
compressive strength, and splitting tensile strength. The
compressive load was maintained at a loading speed of
0.5 MPa/s and the load-of-splitting tensile strength test was
maintained at a loading speed of 0.02 MPa/s. The 100 mm x
100 mm x 400 mm prism specimens were used to test flexural
strength by a four-point flexural test with a loading speed of
0.02 MPa/s. The mechanical properties testing equipment and
the methods of specimens met the requirements of Chinese
standard GB/T 50081-2019 (Ministry of Housing and Urban-
Rural Development of the People’s Republic of China and
State Administration for Market Regulation, 2019).

2.2.2 Autogenous shrinkage properties

The autogenous shrinkage test was carried out with
100 mm x 100 mm X 515mm prism specimens, using a
non-contact concrete shrinkage tester, which met the
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TABLE 2 Detailed composition/(kg/m?®).

10.3389/fmats.2022.1049304

Material YOPO YOP1.2 Y5P0 Y5P1.2 Y10PO Y10P1.2
Water 205 205 205 205 205 205
Cement 273 273 273 273 273 273
Fly ash 117 117 117 117 117 117
Coarse aggregate 1,130 1,130 1,045 1,045 960 960
Fine aggregate 610 610 560 560 515 515
Air-entraining agent 0 0 13.65 13.65 27.3 27.3
Water-reducing agent 8.19 8.19 5.46 5.46 2.73 2.73
Polypropylene fiber 0 1.2 0 1.2 0 1.2
Weight 2235 2235 2200 2200 2070 2070
Sensor Data-acquisition apss Data-acquisition
instrument instrument
Reflector Reflector|
100mm 100mm
L,=400mm >t * 32.5mm T=450mm >t \l{ 32.5mm
515mm i 515mm 4
FIGURE 1

Non-contact concrete shrinkage tester.

P
=)
e
. v
a,=20
Extensometer A
«>< >l )I B=100
50 $=300 50
Unit: mm
FIGURE 2

Size of specimen and crack.

of Chinese standard GB/T 50082-2009
(Ministry of Housing and Urban-Rural Development of
China and General Administration of Quality Supervision
Inspection and Quarantine of the People ’s Republic of China,
2009). Two reflectors were placed in the mold; the initial
distance between them—Ly—was 450 mm. The reflector could

requirements

move with the shrinkage of the concrete, and two sensors were
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used to measure the displacement of the reflectors. After the
concrete was poured into the mold, the surface of the
covered with PVC film to test the
autogenous shrinkage of the concrete in an unconstrained

specimen was

state without moisture exchange. The autogenous shrinkage
deformation of the specimen was recorded every hour, with a
total of 28 days of data recorded. The diagram of the tester is
shown in Figure 1.

2.2.3 Fracture properties

A three-point bending test was conducted with a notched
prism specimen of 100mm x 100mm x 400mm to
investigate fracture properties. A prefabricated incision
with a length of 20 mm was cut at the center line of the
bottom of the prism to install a displacement extensometer
to measure the crack-mouth opening displacement. The size
of the specimen and crack are shown in Figure 2. A camera
was used to record the occurrence and expansion of the
crack.
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TABLE 3 Mechanical properties’ parameters of the tested specimens.

Specimen ID Density (kg/m?)

YOPO 2215 25.1
YOP1.2 2253 21.8
Y5PO 2214 18.8
Y5P1.2 2204 17.1
Y10PO 2167 14.4
Y10P1.2 2165 14.1

Compressive strength (MPa)

10.3389/fmats.2022.1049304

Splitting tensile strength Flexural strength (MPa)

(MPa)

2.04 3.89
1.29 4.14
1.43 326
1.20 312
0.98 3.03
1.14 2.81

FIGURE 3
(A) Splitting tensile failure section. (B) Flexural failure section.

3 Experimental results and discussion

The test results for density, compressive strength, splitting
tensile strength, and flexural strength are listed in Table 3.

3.1 Failure phenomenon

As can be observed from Table 3, AEA and PPFs have little
effect on the density of the specimen. In the three-point
bending test, cracking generally emerges from the incision
of the prism. As the load increases, cracks extend from bottom
to top along the middle of the prism. Generally, after the prism
reaches critical load, the main crack extends to about one-
third of the upper part of the prism. The width of the crack was
up to about 0.2 mm, with several small cracks next to the main
crack. A similar phenomenon appears at the same position on
the back of the other notched prisms.

The sections of FRAC after splitting tensile failure and
flexural failure are shown in Figures 3A,B, respectively. As
can be observed from Figure 3A, when the specimen
experiences splitting tensile failure, most damage to RCA
is obvious. This situation also appears in the flexural strength
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test. The phenomenon shows that the strength of RCA is low.
The strength of FRAC is mainly controlled by the strength
of RCA.

3.2 Mechanical properties

3.2.1 Compressive strength

According to the data in Table 3, the effects of the content
of AEA and PPFs on the mechanical properties of FRAC can
be represented in Figures 4, 5, respectively. As can be observed
from the top of Figure 4, the compressive strength of the
specimen decreases with the increase of AEA. As the content
of AEA increases from 0 to 5%, the compressive strength of the
specimen decreases by 25.1%. As the content of AEA is 10%,
compared with specimens mixed with 0 and 5% AEA, the
compressive strength is reduced by 42.6% and 23.4%. When
mixing PPF and AEA in the FRAC at the same time, the
content of AEA increases from 0 to 5% and the compressive
strength of the specimen is reduced at a rate of 21.6%. Under
an AEA content of 10%, the compressive strength in
comparison with specimens blended with 0 and 5% AEA
reduces by 35.3% and 17.5%, respectively.

From the top of Figure 5, the compressive strength of the
specimen blended with 1.2 kg/m® PPFs is reduced by 13.1%
compared to the specimen without fiber. After adding 5%
AEA, the decreasing rate of compressive strength is 9.0%. The
compressive strength is reduced 2.0% by increasing the content
of AEA to 10%.

3.2.2 Splitting tensile strength

It is clear from the bottom of Figure 4 that, as the content of
AEA increases from 0 to 5%, the splitting tensile strength of the
specimen is reduced by 29.9%. As the content of AEA is increased
to 10%, in comparison to specimens mixed with 0 and 5% AEA,
the splitting tensile strength is reduced by 52.0% and 31.5%,
When mixing AEA and PPFs in FRAC
simultaneously, the decreasing rate of splitting tensile strength
is 7.0% when the content of AEA increases from 0 to 5%. When
the content of AEA is 10%, the splitting tensile strength is

respectively.
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Compressive strength —s— No PPF—=— 1.2kg/m® PPFs

Splitting tensile strength

Flexural strength

No PPF—e— 1.2kg/m® PPFs

—4— No PPF—— 1.2kg/m® PPFs

o5 &5
T2 218 82
o
215; 17.1 i
a1 1417
[
= 414
g 4 3.26
& |38 ; 3.03
5 3 3.12
ic 2.04 2.81
(0] 2F
é L 1.14
s . . .
1 | 4
e 1.2 0.98
0 1 1 1
0 5 10
Content of air-entraining agent (%)
FIGURE 4

Effect of air-entraining agent on mechanical properties.

decreased by 11.6% and 0.05% in comparison with specimen
mixed with 0 and 5% AEA, respectively.

As can be observed from the bottom of Figure 5, the
change of splitting tensile strength of specimens with PPFs
increments is complicated; it is affected greatly by the content
of AEA. The splitting tensile strength of a specimen blended
with only PPFs is 36.8% lower than one without fiber. After
adding 5% AEA, the splitting tensile strength of a specimen
mixed with fiber is reduced by 16.1%. The splitting tensile
strength of a specimen mixed with PPFs and 10% AEA
increases by 16.3% compared with one blended only with
10% AEA.

3.2.3 Flexural strength

As shown in the middle of Figure 4, as the content of AEA
increases from 0 to 5%, the flexural strength is reduced by 16.2%.
At an AEA of content 10%, the flexural strength compared with
specimens mixed with 0 and 5% AEA decreases by 22.1% and
0.07%, respectively. When mixing PPFs and AEA in FRAC
together, as the content of AEA increases from 0 to 5%, the
flexural strength decreases by 24.6%; when AEA content is 10%,
flexural strength is reduced by 32.1% (from 0% AEA) and 0.10%
(from 5% AEA).

Itis clear from the middle of Figure 5 that the change trend of
the flexural strength of specimens with PPFs is exactly opposite to
the splitting tensile strength. The flexural strength of a specimen
mixed with only PPFs is increased by 6.4% in comparison to that
without fiber. With a mix of PPFs and 5% AEA, the flexural
strength of a specimen blended with fiber is reduced by 4.3%. The
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Compressive strength —=— No AEA—=— 5% AEA—— 10% AEA
Splitting tensile strength —+— No AEA—s— 5% AEA—— 10% AEA
Flexural strength —— No AEA—— 5% AEA 10% AEA

251
22 T g

goObgse.

S 151 144 14.1

& = =z

Q

e

2 af 189 0 4M

a . 326 312

8 [ 303

g 5104 2.81

3 2F —

£ ————

3 143 T 129

s 4| A —— |
0.98 1.14

oLl— i
0.0 1.2
Content of polypropylene fiber (kg/m®)
FIGURE 5

Effect of polypropylene fiber on mechanical properties.

flexural strength of a specimen mixed with PPFs and 10% AEA
decreases by 7.3% from that only blended with 10% AEA. The
enhancement effect of PPF on the flexural strength of FRAC is
better when there is no AEA.

The compressive strength, splitting tensile strength, and
flexural strength of FRAC all decrease significantly with an
increase in the content of AEA. This is because, when AEA is
blended, air will be introduced into the mixing concrete; airtight
tiny bubbles then form inside the concrete, making the unit force
area smaller when the concrete bears load, thereby reducing its
strength. After incorporating PPFs, while the strength of
specimen also decreases with an increase of AEA, the
reduction in compressive strength and splitting tensile
strength of the specimen decreases, whereas the reduction of
flexural strength increases.

PPF is ordinarily regarded as a concrete reinforcement
material, but studies illustrate that incorporating PPFs has
little effect on the strength of concrete (Bidabadi et al., 2020)
or even a negative effect (Haddad et al., 2008). The properties
of PPFs are considered to be the main reason for the different
effects on the mechanical properties of concrete. The
addition of PPFs with low content, with a volume rate of
0.077%-0.2%, leads to an increase in the consistency of fresh
concrete, which becomes more pronounced with the increase
of fiber admixture, thus affecting the strength of the
hardened concrete (Wang et al., 2011). Furthermore, due
to the hydrophobicity of PPFs, water is restricted from
entering the internal matrix of the concrete and many air
bubbles are trapped on the surface of the fiber, causing local
softening and the formation of weak areas (Hannawi et al,,
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FIGURE 6

Development curve of autogenous shrinkage rate with age.

2016; Gong et al., 2022)—thereby reducing the workability
of FRAC.

3.3 Autogenous shrinkage

In this paper, the autogenous shrinkage rate is used to
evaluate the autogenous shrinkage of FRAC, as calculated by
Eq. 1:

_ (LIO - th) - (LrO - Lr!)
Lo

st (1)
where the magnitude of €, is ppm, being one millionth. L, is the
initial distance between two reflectors, being 450 mm in the test.
Ly and L,y are initial readings of the left and right sensors,
respectively. L, and L,, are readings of the left and right sensors at
time ¢, respectively, and the unit of ¢ is hours.

All other parameters are in millimeters. The development trend
of the autogenous shrinkage rate with age is shown in Figure 6.

The autogenous shrinkage rates of FRAC at 3- and 28-day
ages measured by the test are listed in Table 4.

As is shown in Figure 6, the autogenous shrinkage rates of the
two groups of FRAC with 10% AEA are lower than that of the
other groups at all ages. In the case of adding AEA alone, the 3-
day autogenous shrinkage rate of FRAC with 10% AEA is
reduced by 64.6% and 40.1%, in comparison to that without
AEA and that with 5% AEA. The 28-day autogenous shrinkage
rate decreased by 60.7% and 63.2%, respectively. The 3- and 28-
day autogenous shrinkage rates of FRAC incorporating 10% AEA
and PPFs are also much lower than that incorporating 5% AEA
and PPFs and that with only PPFs.
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At an AEA content of 5%, the early-age autogenous
shrinkage rate of FRAC without PPF increased slowly—40.7%
lower than that without AEA—while the 28-day autogenous
shrinkage rate is the highest among the six groups—6.3%
higher than the FRAC without AEA. After adding PPFs with
AEA, the autogenous shrinkage rate of the concrete developed
steadily; the early-age autogenous shrinkage rates are similar to
those of FRAC incorporating only AEA, but the autogenous
shrinkage rate at 28-days decreases by 13.9%. Therefore, it is
evident that a 10% content of AEA can effectively inhibit the
autogenous shrinkage of FRAC, while a 5% content of AEA can
inhibit early-age autogenous shrinkage, which promotes the 28-
day autogenous shrinkage.

The addition of PPFs can further reduce autogenous
shrinkage, and greatly ameliorate the adverse effect of the 5%
content of AEA on the 28-day autogenous shrinkage of FRAC.
The study showed that the pore structure greatly affects the
autogenous shrinkage of concrete; pores with diameters of
5-50 nm will generate significant stresses when drying. The
more pores with diameters of 5-50 nm, the more obvious the
capillary effect will be, leading to increased autogenous shrinkage
(Li et al, 2010; Li and Li, 2014). Therefore, a 5-50 nm pore
volumetric percentage is considered the main factor affecting the
autogenous shrinkage of concrete. In this experiment, different
contents of AEA have outstanding inhibitory effects on the early-
age autogenous shrinkage of FRAC, since the AEA introduces a
large number of air bubbles with diameters far exceeding 50 nm
in the progress of mixing concrete; this thus reduces the
volumetric percentage of 5-50 nm pores. In addition, the large
number of air bubbles introduced by the addition of high
contents of AEA is beneficial in increasing the volume of the
cement paste (Piasta and Sikora, 2015), thus compensating for
some of the autogenous shrinkage of FRAC. Therefore, the
autogenous shrinkage of FRAC mixed with AEA was reduced
by different degrees.

In terms of the development trend of the autogenous
shrinkage rate of FRAC, the rate before 300h increased
rapidly; after 300 h, the autogenous shrinkage rate of FRAC
with 10% AEA added slowed and gradually became stable.
The time to stabilization of the autogenous shrinkage rate of
FRAC with 5% AEA is around 500 h, while the time for the rate of
FRAC without AEA to stabilize is a little longer, around 550 h.
Thus, the incorporation of AEA significantly shortens the time
for the autogenous shrinkage of FRAC to reach stability.

In the meantime, PPFs can reduce the full-age autogenous
shrinkage of FRAC. Without the addition of AEA, the 3-day
autogenous shrinkage rate of FRAC with PPFs is reduced by
52.9% and the 28-day rate is decreased by 10.1% compared to
FRAC without fiber. The 3- and 28-day autogenous shrinkage
rates of FRAC added with PPFs are reduced by 14.8% and 27.8%,
respectively, with the addition of 5% both AEA and PPFs. When
the content of AEA is increased from 5% to 10%, the 3-day
autogenous shrinkage rate of FRAC mixed with PPFs decreased
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TABLE 4 Autogenous shrinkage rate at 3d and 28 d

Specimen ID YOPO YOP1.2
Shrinkage rate of 3 d 206 97
Shrinkage rate of 28 d 675 604
——YOPO- - - Y5PO Y10PO
5000 22 YOP1.2=-—-- Y5P1.2---—-- Y10P1.2
4000
<
8 3000
o
-
2000
1000
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FIGURE 7

P-CMOD curve.

by 26.0% and the 28-day rate decreased by 23.4%. PPFs connect
capillary pores to pores in the micron and lower levels, improving
the pore structure inside the concrete, and reducing capillary
stress and small cracks in the matrix of concrete. At the same
time, the addition of PPFs forms a three-dimensional fiber-
matrix system inside the concrete and a water film on the
surface of the PPFs, both of which limit the loss and
migration of water (Wang et al,, 2021) and thereby reduce
autogenous shrinkage. Furthermore, incorporating PPFs would
cause the expansion of mortar in the main peak period of early
hydration reaction (Kaufmann et al., 2004), thus compensating
for the early-age autogenous shrinkage of FRAC.

3.4 Fracture properties

3.4.1 P-CMOD curve

The values of load and crack-mouth opening displacement of
the notched concrete prisms can be obtained and described by
the load-crack-mouth opening displacement (P-CMOD) curve,
as shown in Figure 7. According to the characteristics of this
curve, the failure process of the prism can be divided into three
stages. The first is the elastic stage, where the load and crack-
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mouth opening displacement are in a linear relationship, with the
load increasing as the crack mouth opening displacement
increases. The slope of the curve, which is the stiffness of the
concrete prism (dP/dCMOD), remains basically unchanged.
When the stress at the tip of the cut reaches the cracking
strength of the concrete, the concrete prism cracks and the
elastic stage ends. Following this are two stages of crack
propagation. In the first stage, the relationship between load
and crack-mouth opening displacement is transformed from the
previous linear relationship into a nonlinear relationship. The
stiffness of the specimen prism decreases gradually, but the load
still increases with the crack-mouth opening displacement until
the load increases to its maximum. The typical characteristic of
the second stage of crack propagation is that the stiffness value
changes from positive to negative, the value of the load begins to
decrease, and the crack-mouth opening displacement continues
to expand.

The concrete prism changes from the elastic stage to the
first stage of crack propagation, which illustrates that the
relationship of load and crack-mouth opening displacement
transforms from linear to nonlinear. The turning point is the
initial crack point, which means that the concrete prism starts
to crack at this moment. When the first stage of crack
propagation changes to its second stage, the stiffness value
changes from positive to negative, indicating that the concrete
prism cannot continue to withstand the continued increase in
load. The load corresponding to the point where the stiffness
is zero represents the critical load of the concrete prism
(Zhang and Liu, 2005). After this point, the concrete prism
is damaged, and the bearing capacity drops rapidly. In the test,
as the load continues to increase, the main crack usually
emerges from the incision and then spreads from bottom
to top along the mid-span of the prism. After the prism
reaches peak load, the main crack extends to the upper
third of the prism. The maximum width of the crack is
about 0.2 mm, and there will be several tiny cracks beside
the main crack, with similar cracks appearing at the same
position on the back of the concrete prism.

3.4.2 Fracture toughness

According to Chinese standard DL/T 5332-2005 (National
Development and Reform Commission of the People’s
Republic of China, 2005), there is a transition point from a
linear to a non-linear segment in the rising phase of the
P-CMOD curve. The load at this transition point is called
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TABLE 5 Double-K fracture parameters.

Specimen ID

Initial crack

Critical load/N

load/N
YOPO 4065 4657.8
YOP1.2 4029.2 4642.8
Y5P0 3879 43542
Y5P1.2 3349.8 4038
Y10P0 2834.4 3419.4
Y10P1.2 2384.8 3085.8

10.3389/fmats.2022.1049304

the initial crack load. Using the line function plug-in Tangent
in Origin, we can obtain the value of the initial crack load from
the image; the critical load can be obtained according to the
three-point bending test. The initial crack load and the critical
load are listed in Table 5.

The initial fracture toughness K¥% of concrete is the
boundary value of the stress intensity factor K; when the
crack at the incision of the concrete prism expands, which
indicates the ability of concrete to resist crack propagation.
The calculation formula of the initial fracture toughness is as
follows (Zhou et al., 2022):

ini 3Pi,,,~S*10’3 ap
ch = 2],1723 \/a—0f1 (ﬁ) 2)
ag ag ao g 2
ay 19— 3(1- 7)[2.15 -3.93%42.7(%) ]
A(5) - ©)

(1+25)(1-9)"

The unstable fracture toughness Ki# of concrete represents the
resistance of concrete to forces under critical instability. K¢ can
be calculated by the following formula of linear elastic fracture

mechanics.
3P nS*107? a
Kic=—3pp —Vaf 2(?) @
ac ac Ac ac 2
an 199-5(1-%) [2.15 -3.93%+27(%) ]
#(2)- sl i)
(1+25)(1-%)
2 BECMOD,
a. = —harctan\|——— - 0.1135 (6)
n 32.6P
24&0P,‘ (uo)
=01 ¢ 7
CMOD,-Bhf \h @)
2\ _ 076 — 2.08% a0\* 5 g %), 066
f3(ﬁ) =0.76 — 2.28 i + 3.87( h) 2.04( h) + a —ag/h)z (8)

In the test, S=0.3m, B=0.1m, h =0.1 m, ay = 0.02 m. The
value of P/CMOD; can be obtained by calculating and averaging
the values of three arbitrary points during the linear rising stage
of the P-CMOD curve.

Frontiers in Materials

a/mm K /MPa - \/m Ky /MPa - \/m Kin/Kun
33.7 0.453 0.763 0.594
38.1 0.449 0.826 0.544
30.9 0.432 0.770 0.561
347 0.373 0.658 0.567
36.2 0.316 0.578 0.547
34.6 0.266 0.502 0.529
—=— No PPF—e— 1.2kg/m® PPFs -
sae 09¢g
N
s L 0. 1S
x - 0.8 A
@ 0.763 0.7
o =
B 658 07 2
a c
g 06 i lons
S 0.578 3
=]
8 05¢ 502 %
o e G -
= 3}
g 04'“ﬁw\“\~\4ﬁi?\\\\\\\q. 1
= 316 o
© o
5 . : ) @
0 5 10 =}
Content of air-entraining agent (%)
FIGURE 8

09

Effect of air-entraining agent on initial fracture toughness.

According to Table 5, the change of initial fracture toughness
and unstable fracture toughness of FRAC with different AEA and
PPFs content can be represented as in Figures 8 and 9.

As shown in Figure 8, without the addition of PPF, the
initial fracture toughness of specimen with 5% AEA is reduced
by 4.6% in comparison to the case without AEA, and the
unstable fracture toughness is almost unchanged. At A AEA
content of 10%, the initial fracture toughness is reduced by
30.2%, in comparison to the specimen without AEA, and the
unstable fracture toughness is reduced by 24.2%. Compared to
the specimen with 5% AEA, the initial fracture toughness is
reduced by 26.8% and the unstable fracture toughness is
decreased by 24.9%. It is clear that the initial fracture
toughness decreases to a small extent and unstable fracture
toughness is almost unchanged as the AEA content goes from
0 to 5%, whereas both initial fracture and unstable fracture
toughness of a specimen have a large decrease when AEA
content is increased from 5% to 10%.
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Effect of polypropylene fiber on unstable fracture toughness.

After mixing PPFs, the initial fracture toughness of a
specimen mixed with 5% AEA is decreased by 16.9% while
reduced by 20.3%,
compared to a specimen without AEA. With AEA content

the unstable fracture toughness is

increased to 10%, compared to a specimen without AEA, the
initial fracture toughness is reduced 40.8% and the unstable
fracture toughness is decreased by 39.2%. In comparison with
a specimen with 5% AEA, the initial fracture toughness is
reduced by 28.7% and the unstable fracture toughness is
reduced by 23.7%. When PPFs and AEA are blended, the
initial fracture toughness and unstable fracture toughness of
FRAC are significantly reduced with an increase in the
content of AEA, and the decrease amplitude is higher than
that of no fiber.

From Figure 9, the specimen solely mixed with PPFs has
almost no change in initial fracture toughness compared to
that without fiber, whereas unstable fracture toughness
increases by 7.3%. At an AEA content of 5%, the initial
fracture toughness is reduced by 13.7% and the unstable
fracture toughness is reduced by 14.5%, in comparison with
the specimen with no fiber. With an AEA content of 10%,
compared with a specimen without PPF, the initial fracture
toughness is reduced 15.8% and the unstable fracture
toughness is decreased by 13.1%. The addition of PPFs can
slightly improve the fracture properties of FRAC when only
PPFs are added. Nevertheless, when adding AEA and PPFs at
the same time, the addition of the latter would reduce the
fracture properties of FRAC, with the content of AEA blended
in concrete having little effect on the reduction amplitude. The
effect of PPF on the fracture properties of FRAC is similar to
that of the flexural strength. PPFs enhance the fracture
properties and flexural strength of plain FRAC. When AEA
is added to FRAGC, the effect of PPFs on fracture properties and
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flexural strength changes from increased to decreased. As just
PPFs are added to FRAC, before the fracture failure, the main
roles of PPFs are to connect the tiny cracks inside FRAC and
bear part of the tensile stress (Zhou et al., 2022). Therefore, the
initial fracture toughness of FRAC with PPFs and plain FRAC
is relatively close, while the unstable fracture toughness of
FRAC with PPFs is increased. When PPFs and AEA are
simultaneously incorporated into FRAC, a large number of
bubbles are
hydrophobicity of PPFs, they will draw bubbles, resulting

introduced into the matrix. Due to the
in many bubbles in the interfacial transition zone (ITZ)
around PPFs and forming weak areas (Hannawi et al,
2016). Therefore, the fracture properties and flexural
strength of FRAC with PPFs and AEA are lower than those
of FRAC with only AEA.

As can be observed from Table 5, the value of Ki%/K4 varies
between 0.53 and 0.6 in this experiment. The double-K fracture
criterion demonstrates that the difference among the values of
the initial fracture toughness and the unstable fracture toughness

un

is mainly caused by aggregate. The value of K¥/K4. in this
experiment is much higher than the value of ordinary recycled
aggregate concrete, which is 0.34 and does not change with
recycled aggregate replacement rate (Choubey et al, 2016).
This means that, after the specimen prism begins to crack, it
takes a shorter time to reach the unstable state and indicates that
the resistance of fully recycled aggregate concrete to forces under

critical instability is poor.

4 Conclusion

This research has analyzed the effect of air-entraining agent
and polypropylene fiber on the density, mechanical properties,
autogenous shrinkage properties, and fracture properties of fully
recycled aggregate concrete. Its major conclusions are:

1) The incorporation of air-entraining agent reduces the
strength and fracture properties of FRAC. As the content

of air-entraining agent increases, strength and fracture

properties obviously decrease. The incorporation of
polypropylene fibers can effectively ameliorate the
deterioration effect of the air-entraining agent on

compressive strength and splitting tensile strength.

S
~

The incorporation of 10% air-entraining agent can effectively
reduce the full-age autogenous shrinkage of FRAC. The
incorporation of 5% air-entraining agent can reduce the 3-
while 28-day
autogenous shrinkage. The incorporation of air-entraining

day autogenous  shrinkage, increasing
agent can also shorten the time for autogenous shrinkage of
FRAC to reach stability. The incorporation of polypropylene
fibers can further reduce the autogenous shrinkage of FRAC.

3) Theincorporation of only polypropylene fibers will reduce

the compressive strength and splitting tensile strength of
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concrete, whereas the flexural strength and fracture
properties will increase. The incorporation of air-
entraining agent can ameliorate the deterioration effect
of polypropylene fiber on the compressive strength and
splitting tensile strength of FRAC, but flexural strength
and fracture properties will change from increased to
the effect of
polypropylene fiber on the strength and
fracture properties of plain FRAC is better than FRAC
blended with air-entraining agent.

decreased. Therefore, improvement

flexural
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Nomenclature E elastic modulus

L, initial reading of left sensor

€, shrink te at test period t(h
s« shrinkage rate at test period t(h) L,, initial reading of right sensor

Lj; reading of left sensor at t(h
e 8 () L, initial distance between two reflectors

L,, reading of right sensor at t(h) p itical load
max Critical loa

a effective crack extension length
v * 8 CMOD crack mouth opening displacement

initial crack length
o Initial crack fengt CMODc critical crack mouth opening displacement

a, critical effective crack length o
K¢ initial fracture toughness

$ specimen span
P P K¢ unstable fracture toughness

B specimen width . .
K stress intensity factor

h specimen height
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