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This paper is proposed for modelling concrete beams reinforced with fiber reinforced
polymer (FRP) bars in a simplified way. In order to appropriately model the FRP-reinforced
concrete beams the stiffness matrix is developed in the frequency domain using fast
Fourier Transform. Numerical results with the proposed spectral model for the load-
displacement response and the shear stress distribution between FRP reinforcement and
surrounding concrete are obtained for beams statically tested. Tens of elements are
deployed in this work due to the simplicity of the proposed model. Using the same spectral
model the natural frequency and mode shapes are evaluated since the frequency-
dependent stiffness matrix enables it to apply for dynamic study, e.g. modal analysis.
The feasibility of the proposed numerical approach for performing dynamic analysis
especially for high frequency excitations in an efficient way makes it a promising tool
for use in the field of structural health monitoring according to the changes in dynamic
characteristics.

Keywords: frp reinforcement, numerical simulation, simplified model, flexural behaviour, modal analysis

INTRODUCTION

The long-term durability of reinforced concrete structures has become a major concern over the past
few decades, mainly due to the corrosion risk of steel reinforcements. Fibre-reinforced polymer
(FRP) is being increasingly used in civil engineering as a reinforcement to replace steel bars because
of its rather durable properties (Rizkalla and Nanni, 2003), especially in aggressive environments
where steel reinforcements are easily corroded. Additionally, under some special circumstances, such
as in the magnetic resonance imaging rooms of hospitals, there is a demand for electromagnetic
permeability, and such needs can be met by FRP bars since they are non-metallic. Since FRP bars
possess mechanical characteristics different from those of steel bars (e.g., lower elastic modulus, non-
yielding properties), numerous experimental investigations have been carried out to study the
behaviour of concrete members reinforced by FRP bars (Barris et al., 2009; Kassem et al., 2011; Al-
Sunna et al., 2012; Barris et al., 2013; Mias et al., 2013; Habeeb and Ashour, 2014; Acciai et al., 2016).
Unlike concrete members with steel reinforcement, the experimental results showed that FRP
reinforced concrete members behave elastically until failure due to the characteristics of the FRP
reinforcement, and structural failure would occur at a relatively large displacement.

Some studies applied analytical models to determine the responses of FRP-RC members.
Branson’s equation, which was developed for the design of concrete beams reinforced with steel
bars (Branson, 1977; ommittee 318 (2008)., 2008), was adjusted by introducing empirical coefficients
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FIGURE 1 | Kinematics of the transverse section of the concrete beam
reinforced with FRP bars.

(Benmokrane et al., 1996) and a modified equivalent moment of
inertia (Bischoff, 2005). In refs. Razagpur et al. (2000); Rasheed
et al. (2004), bilinear and tri-linear moment-curvature
relationships have been used to derive closed-form equations
for predicting the deflection of FRP-reinforced members. A local
deformation model was developed in ref. Gravina and Smith
(2008) to capture the flexural response and moment distribution
of indeterminate concrete beams reinforced by FRP bars, in
which the progressive cracking process with an increasing load
was considered. An iterative analytical procedure was also
proposed for the prediction of the flexural behaviour of FRP-
reinforced concrete beams in ref. Almusallam (1997). During the
iterative process, the neutral axis depth is changed until force
equilibrium is reached. Furthermore, ref. Kara et al. (2013)
presented an analytical model for evaluating the deflection of
FRP-reinforced concrete structures, and the flexural and shear
cracks in cracked regions were reduced by introducing an
effective moment of inertia. Although several studies have
been conducted to develop design formulas, many researchers
have noted that deviations occur when using these equations to
predict the deflection of FRP-reinforced concrete beams (Aiello
and Ombres, 2000; Mota et al., 2006).

A two-dimensional finite element (FE) model was used to
study the performance of concrete beams reinforced with
steel and FRP bars (Bencardino et al., 2016), and it was shown
that a 2D FE model can be used to simulate the load-
deflection relationship of concrete beams reinforced with
different ratios of steel and FRP. Furthermore, a spatial 3D
FE model that is more realistic for simulation was used to
calculate the flexural deflections of FRP-RC beams (Zhang
et al,, 2015), and the results show better agreement with the
experimental data than the equations from the design code.
To clarify the failure mechanism of FRP-RC members, a limit
analysis strategy is integrated with an FE model (De
Domenico et al, 2014) by using the linear matching
method (LMM) and the elastic compensation method
(ECM), which is adequate for obtaining the upper and
lower bounds of the peak load value. Furthermore, to
calculate both global deformation and local strain, several
FE models were developed by considering the constitutive
laws of materials and the interfacial bond-slip model of an

Simplified Numerical Model

FRP bar and concrete (Nour et al., 2007; Rafi et al., 2008;
Hawileh, 2012; Hawileh, 2015). A proportional integral
derivative (PID) controller (Echeverria and Perera, 2013)
was introduced into the 3D FE approach to capture the
softening branch of the interfacial bond-slip performance
between FRP rods and concrete.

Obviously, an analytical model can be used to evaluate the
global behaviour of an FRP-RC beam, but it is very difficult to
capture the local behaviours, e.g. concrete strain and shear stress
distribution. Although this shortcoming can be overcome by
using a refined FE model, a huge number of elements are
needed, which results in a heavy computational cost and
possibly a convergence problem due to the highly nonlinear
properties of the materials and the interface. In refs. Perera and
Bueso-Inchausti (2010); Sun et al. (2015), a 4-degree-of-
freedom spectral element model was used to simulate the
flexural behaviours of RC beams strengthened with externally
bonded FRP strips by considering the interfacial bond slip
between the FRP strip and the RC beam. This numerical
approach has shown promise due to its simplicity since it is
derived from the frequency domain. Thus, it is adopted in this
study for determining the global and local performance of an
FRP-RC beam by assuming a perfect bond between the FRP bars
and the surrounding concrete for simplicity. Only 23 spectral
elements are used to calculate the load-displacement response
and concrete strain while tens of thousands elements are needed
using FE model. The interfacial bond behaviour between FRP
bars and concrete, which is a very local phenomenon, is also
evaluated to study the development of shear stress distribution
with the gradually increasing load. Obviously, the
computational cost has been reduced dramatically due to the
simplicity and efficiency of the proposed spectral element
method, and the accuracy is verified comparing the
numerical results with the experimental data.

Of particular interest is the ability of the present model to
obtain the dynamic characteristics of FRP-RC beams, since to
the best of the author’s knowledge, few studies have focused on
the dynamic analysis of FRP-RC beams (Capozucca and
Bossoletti, 2014; Capozucca et al., 2015). By making a
frequency sweep for the dynamic stiffness-matrix, the
natural frequencies and mode shapes are efficiently
calculated even in high frequency range as long as the
uniformity of concrete beam remains unchanged (Trefethen,
2000; Gopalakrishnan et al., 2008). Structural damages can be
identified according to the changes of dynamic characteristics
under intact and damaged scenario, which makes the proposed
model promising for damage detection due to its simplicity
and efficiency.

SPECTRAL MODEL OF A CONCRETE
BEAM REINFORCED WITH FRP BARS

Since one of the main advantages of the proposed spectral model
is its simplicity for calculating the structural behaviour, in which
the formulations are established in the frequency domain, it can
be used to analyse the global and local responses of an FRP-RC

Frontiers in Materials | www.frontiersin.org

October 2021 | Volume 8 | Article 765058


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Sun et al.

Simplified Numerical Model

p=1,..

( Start }— Initializati >
_ Start ) nitialization NToadistons

Assemble global stiffness

=1,... .
q matrix and load vector

Nlterations

P

Update stiffness coefficients
for p-th load and g-th

¥

Solve the system

el i g

iteration

No o -

az;__:C\onvergencgi?_f,,;->
YLS\I

No A
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beam in this study. To this end, the governing equations are
derived in this section. First, the axial and transverse
displacement of the beam can be formulated as follows by
using first-order shear deformation theory:

uc(x,z,t) = uy (x,t) — z¢(x, 1) (1)
w(x,z,t) = w(x,t) (2)

where uc and w are the axial and transverse displacements in a
concrete beam at a material point, respectively. As shown in
Figure 1, ug(x,t) is the mid-plane axial displacement, ¢
represents the rotation of the cross section about the Y-axis,
and z is the coordinate measured from the mid-plane. The strain
of concrete can be derived as follows based on Eq. 1 by
introducing a linear strain-displacement relationship:

Ex = Upx — Z‘P,x (3)

where ¢, denotes the longitudinal strain in the RC beam and (-)
represents differentiation with respect to x.

The constitutive relation of the FRP bar is assumed to be
linearly elastic, and the nonlinearity of the concrete material is
considered since it has a great influence on the load-resisting
mechanism. The nonlinear constitutive relationships of
concrete in compression and tension are based on the CEB-
FIP code in (fib, 2010). Furthermore, the bond behaviour
between the bar and concrete is an essential aspect of the
reinforced beam. Although the bond-slip relationship was
discussed, it still highly depends on the surface condition,
material strength and confinement provided by the
surrounding concrete (Yan et al, 2016; Solyom and Balazs,
2020; Solyom and Baldzs, 2021). Since one of the main purposes
of this study is to numerically simulate FRP-RC beams in a
simplified way to reduce computational costs, a perfect bond

relationship based on the equilibrium of FRP bars and the
surrounding concrete is used in this work. Therefore, the
stresses of the concrete and bar can be expressed as follows:

oc = Ecec  ec = Uy — 2P, (4)
0 = EBeB Ep = Upx — ZB]'¢, (5)
¢ =Gy Ve=wa—¢ (6)

where ¢ and 7 denote the axial and shear stresses, and the
subscripts C and B represent the concrete and FRP bar,
respectively. Additionally, the elastic and shear modulus of
concrete Ec and G¢ depend on the strain at every point
throughout the concrete beam, which will be updated by the
equivalent secant elastic moduli due to the material nonlinearity
of the concrete. The longitudinal strain of the concrete and FRP
bars, ec and e, with coordinates of z;. and z;,, respectively, can
be formulated based on Eq. 3.

Based on the expressions above, the strain energy of the
reinforced beam composed of concrete and FRP bars is
formulated as

z3 1 Np
U= —J J (ocec + 1cyc)bedzdx + —J Z (opep)Agidx (7)
L 2)iiH

21

where z; and z, are the Z-coordinates of the bottom and top
surfaces limiting the beam, respectively, and the variables bc and
L denote the width and length of the beam, respectively. Nj is the
number of FRP bars, and the area of each bar is Ag;. Since a
perfect bond relationship between the FRP bars and the
surrounding concrete is used in this word, the shear strain
energy of FRP reinforcement is neglected for simplicity.

By introducing Hamilton’s principle, the differential equations
of motion can be derived by incorporating the kinematic energy

Frontiers in Materials | www.frontiersin.org

October 2021 | Volume 8 | Article 765058


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Sun et al.

Simplified Numerical Model

A Steel stirrups,
l 1 d8mm/75mm
e 25
— 767 766 767
B « Strain gauge on rebar
— Strain gauge on concrete
1 2 3 4 m 5

Detail of 10 strain
gauges

1/3 shear span

i

18mm 22.5mm

10

11

12

13

90mm

FIGURE 3 | (A) Experimental test setup, (B) arrangement of rebar and concrete strain gauges.

TABLE 1 | Material and geometrical properties of the tested specimens. N = Anuox = Bug, (11)
Specimens BG1 BG2 V= Azzw,x - A22¢ (12)
M = -Bjjug, + D11¢,x (13)
Concrete Elastic modulus (MPa) 29,300
. Compressive strength (MPa) 37.7 where N, Vand M are the boundary forces related to the variables
Main GFRP bar Diameter (mm) 2¢9.5 2127y w and ¢, respectively. (), and () represent differentiation
Elastic modulus (MPa) 42,800 41,600 ith 1 h d .
Reinforcement ratio 0.0043 00077 ~ With respect to length and time. .
RC beam Span (mm) 2,300 The coefficients in Eqs 8-13, which are related to the material
Width (mm) 150 properties, are given by the following expressions:
Height (mm) 250
z
[An By, Du] = J Ec[l z zz]bcdz
of the beam. The equations of motion for the displacement field o N
are given by + ZEBJASJ[ Lz Z?] (14)
I =
Ouy = Totig — Iy — Ajjtg x + Bu¢,xx =0 (8) o
ow : Iow - Azzw,xx + Azz(px =0 (9) [AZZ] = J Gcbcdz (15)
, -
0¢: 12(./5—11% + Biitgux — D1 — Apw, + Ap¢d =0 (10) z
o [Io Il 12] = J pC[l z Z2 ]bcdz (16)
and the boundary force equations are 2
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FIGURE 4 | Load-deflection comparison at the midspan.

where pc denotes the density of concrete and Eg; is the elastic
modulus of each FRP bar. To model the progressive cracking
process, the entire beam is divided into several layers through
the height, and the material properties of the concrete in each
layer will be updated by using the nonlinear stress-strain
relationship of concrete. Furthermore, the elastic modulus of
the FRP’s Ep is treated as a constant due to its non-yielding
properties.

By applying a fast Fourier transformation (FFT), the
displacement field is transferred from time domain to
frequency domain as follows:

N M , ,
{uo, w, ¢} = {ﬁ;m} e’Jk’"”"e‘J‘*’"‘ (17)

n=1 m=

where N is the number of frequency sampling points, which
depends on the Nyquist frequency. w, represents the circular
frequency at the nth sampling point in the FFT, and k,,,,, denotes
the mth wave number of w,,. {ﬁfnn}: (thg, w, (ﬁ)mn is the vector of
the wave coefficients related to the mth mode of the wave at
frequency point w,,. By introducing Eq. 17, Eqs 8-10 turn into the
following formula:

(Wl{a'} =0 (18)

where W is a 3 x 3 matrix with functions of frequency and
wavenumber as follows:

—jAnk
anz - Izwi + A22
(19)

Ank? 0
[W] = 0 A22k2 - Ioa)i

—B11k2 + Ila)fl )
—Bllkz + Ilwfl jAzzk

For each frequency point, the wavenumber k,, can be
obtained by solving a 6-th order equation when W equals
zero in Eq. 18, and the six related eigenvectors R; (i = 1, ... 6)
can be used to formulate the general solution of nodal
displacement as

60 1—— BG2-Test
504 —a— BG2-Proposed model
- ~ -BG2-FEM

40

304

Load (kN)

Rupture strain
of FRP rebar

0 2000 4000 6000 8000 10000 12000 14000 16000
FRP Strain (ue)

FIGURE 5 | Load-strain relationship of the FRP bar at the midspan.

iy ()

fu(x)) = <zp<x>> = [{Ry}
$(x)

- [RI[D (x)]{A} (20)

{Re} ] diag(e’jk""){A}

i=1,...6

Furthermore, the displacements of the two nodes in an
element with a length of L can be expressed as

u | _ R, D(0) _
ol [8][E0w-ma e

where {A} is the vector of the constants, which depends on the
associated boundary conditions. Substituting Eq. 21 into Eq. 20,
the nodal displacements can be obtained as

{u()} = [R][D(x)] [TJ*{Z; } = [N]{ " } (22)

where [N] is the matrix of the shape functions of the proposed
spectral model. By combining the boundary forces given by Eqs
11-13, the dynamic stiffness matrix (DSM) [K] is formed to
compute the displacement in the frequency domain:

{fl} _ F(0) _ -1 U | _ U
{{fz}}-[F(L)]{A}-[TZMTI] {uz}-mﬁxé{uz}
(23)

Based on the derivation of the equations presented above, the
6 x 6 DSM [K] is formulated, as shown in Eq. 23. Additional details
regarding the FFT process and implementation of the spectral
element model can be found in Trefethen (2000); Capozucca et al.
(2015). The DSM, which is frequency-dependent, is established
according to the governing equations and boundary conditions in
Eqs 8-13, and it can be considered a combination of a mass matrix
and a stiffness matrix that introduces exact dynamic shape
functions. Since circular frequency w, is included in the DSM,
dynamic factors of the FRP-RC beam such as natural frequencies
and related mode shapes can be obtained. Furthermore, by making

Frontiers in Materials | www.frontiersin.org

October 2021 | Volume 8 | Article 765058


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Sun et al.

Simplified Numerical Model

A —a— BG1-30 kN-Test
_|—— BG1-30 kN-Proposed model
16000 - = BGI-30 kN-FEM
14000 4—®=— BG1-45 kN-Test
—— BG1-45 kN-Proposed model,
e 120004- - BGI1-45 kN-FEM
=
= 10000
<
& 8000
w
& 6000
=)
4000 4
2000 A
0 T T T T T T
0 200 400 600 800 1000 1200

Distance from support (mm)

FIGURE 6 | FRP strain along the length of (A) BG1 and (B) BG2.

—&— BG2-40 kN-Test

16000 {—— BG2-40 kN-Proposed model
= = BG2-40 kN-FEM
14000 | —=— BG2-60 kN-Test
. —— BG2-60 kN-Proposed model
@ 120009 - BG2-60 KN-FEM
N
R= 10000 4
s
2 8000
& 6000
-
4000
2000
0 A T T T T T
0 200 400 600 800 1000 1200

Distance from support (mm)

80
70 - AL
F
60 - /5’
— »”
é 50 - /
'§ 40 A
3 30 4 «—BG1-Test
— »— BG1-Proposed model
20 4 —+—BGI-FEM
— = -BG2-Test
10 + - = - BG2-Proposed model
0 - «~ -BG2-FEM
0 -500 -1000 -1500 -2000 -2500 -3000 -3500 -4000
Concrete strain at midspan (ue)
FIGURE 7 | Load-concrete strain comparison at the midspan.

w, in DSM tend to zero, it can be used to calculate the structural
behaviour in static cases. The framework of proposed numerical
strategy for static study is shown in Figure 2.

CASE STUDY OF THE PROPOSED MODEL

Concrete beams reinforced with FRP bars tested by Al-Sunna
(2006) were selected to validate the capability of the proposed
spectral model. In his tests, twenty-eight concrete beams and slabs
reinforced with FRP or steel bars were fabricated, two FRP bars
with nominal diameters of 6 mm were located in the compressive
zone, and FRP bars with diameters of 9.5 and 12.7 mm were used as
the main flexural reinforcement for concrete beams BG1 and BG2,
respectively. The reinforced beams were 150 mm wide, 250 mm
deep and 2,550 mm long, and the span between two supports was
2,300 mm. The experimental test setup is shown in Figure 3. The
specimens were tested by progressive four-point loading with a
shear span of 767 mm (one-third of the length), and two loading

platens were used to control the deflection of FRP-RC beams
during testing. Fourteen strain sensors were installed to measure
the local strain of the reinforced beam; four of them were adhered
to the FRP bar to capture the strains of the bar, and the other ten
gauges were located around the crack inducer at the midspan to
measure the local behaviour at the crack locations. In this study, the
experimental data of two concrete beams reinforced with GFRP
(glass-fibre-reinforced polymer) are chosen to validate the accuracy
of the proposed approach, and the material properties and
geometrical parameters of the specimens are illustrated in Table 1.

As presented previously, the proposed approach can simulate the
behaviours of a reinforced beam with only one spectral element if
there is no discontinuity of the geometrical and material properties.
Since the two specimens maintain their uniformity along the length
of the beam, it is very convenient to evaluate global and local
behaviours by using the proposed one-dimensional model due to
its simplicity. The mechanical behaviours, particularly for local
behaviours such as stress and strain, can be obtained with higher
accuracy by using more elements, and the computational burden
would simultaneously increase. Hence, the number of elements can
be determined by balancing the computational costs and the desired
degree of precision. To this end, the element size is chosen as
100 mm in this study, resulting in a total of 23 spectral elements for
the RC beams. Obviously, the computational costs decrease
remarkably by reducing the number of elements from tens of
thousands in the FE model to tens of elements. Additionally, the
static behaviour of the FRP-RC beams can be directly calculated by
making the circular frequency w,, of dynamic stiffness [K] in Eq. 23
go towards zero.

The longitudinal FRP bars are modelled as an elastic material by
assigning the elastic modulus according to the tested data given in
Table 1. The strain-stress relationship of concrete in the European
Code (fib, 2010) is introduced in the present work. The nonlinear
property of concrete is simulated by adopting a secant procedure, in
which the elastic modulus of concrete is updated by the secant
modulus associated with the concrete strain with the increasing
load. The parameters of Eqs 14-16 related to the material properties
are represented by the equivalent secant modulus of concrete. The
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cross section of each element is divided into twenty layers along the
height of the beam to model the progressive cracking of concrete as
the load increase. Furthermore, the applied load is divided into
several sub-load steps, and the material properties of the RC beam
would be updated implicitly in an iterative manner until force
equilibrium is reached for each load step. By conducting this load-
control strategy, the nonlinear behaviour throughout the FRP-RC
beam can be evaluated in details.

To model the mechanical behavior of FRP reinforced concrete
beam using conventional finite element method, a refined mesh is
usually required leading to a huge number of elements. However, a
small number of elements are needed by using the proposed spectral
approach, since only one spectral element is enough to calculate the
structural response as the geometry and material remains uniform.
In this study, an element size of 100 mm is selected in the proposed
model resulting in only 23 spectral elements to numerically simulate

&
& 2
(o3 5N = O+ dO'
- £ 7 —

Average bond stress 7
AL

-
-+

FIGURE 10 | Bond behaviour of a segment of FRP bar.

the flexural and local behaviors of the FRP-RC beam with a length of
2.3 m. Therefore, the computational burden is significantly released
compared with the FE model due to the simplicity and efficiency of
the proposed spectral approach.

VALIDATION OF THE PROPOSED MODEL

Flexural Behaviours

The FE model was implemented in Al-Sunna (2006) by using
commercial software to numerically simulate the FRP-RC beams.
The relationship between the load and the deflection at the midspan
of specimens BG1 and BG2 obtained from the experimental test and
numerical simulation are compared, as shown in Figure 4. In general,
the load-deflection curves present an approximate bilinear response.
Both of the beams exhibit a brittle elastic behaviour with no softening
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prior to failure. In the first stage, before the first crack occurs at the
load of 14 kN, the FRP-RC beams follow a linear elastic behaviour
pattern with a steep slope. The reinforcement ratio of FRP bars has an
insignificant effect on the stiffness of the load deflection curves with
only a slight influence on the cracking loads for the two beams. In the
second stage, a subsequent reduction in the slope is observed due to
the progressive cracking of the beam occurs, which shows linear and
non-ductile behaviour with increasing load because of the non-
yielding properties of the FRP bars. The deflection of BG2 after
the first crack has been reduced remarkably compared to that of BG1,
and the geometrical and material properties are the same except for
the amount of FRP reinforcement at the bottom of the RC beams.
With the increase of reinforcement area, a greater increase in the
stiffness and also the ultimate load of BG2 than BG1 is observed.
Failure mode of BG1 might be governed by FRP rupture since the
midspan deflection of BG1 is much higher than that of BG2 at
the same load level. In general, a small deviation is noticed between
the numerical and the test results, which indicates the ability of the
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2 0.0 H non-yielding properties of the FRP bars cause the lack of ductility of
A 0 10 20 30 40 50 60 70 FRP-RC beams, which would result in sudden brittle failure because of
Load (kN) FRP rupture. This phenomenon is one of the main differences between
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FIGURE 12 | Distance of the peak bond stress from the left support. in Al-Sunna (2006)’ the failure mode of BG1 is the rupture of FRP bars

during the four-point loading test, while for BG2 it is concrete crushing
immediately followed by the rupture of the FRP bars, which results in
balanced failure. The prediction of the current numerical model is in
good agreement with the experimental results and FE simulation.
By applying the proposed spectral model for both specimens, the
strain distributions of the FRP bars under different load levels along
the lengths of the beams are shown in Figure 6. The strains obtained
by the experimental test and FE simulation are compared with the
results predicted by the spectral approach and show good agreement.
According to the results obtained from the proposed model, low
strain of the bar is observed over the support of the beam, and
increasing strain occurs from the shear span to the midspan,
reaching a plateau between the two loading points. Figure 6
reveals that the plateaus of the FRP stain at the midspan in the
numerical simulation are different from those of the experimental
results, in which strain concentration exists. This result is mainly due
to the application of the smeared crack model in the proposed
numerical approach to represent flexural cracks instead of a discrete
crack model. The concrete and steel properties were updated using
the secant modulus during the iterative nonlinear analysis until force
equilibrium was reached as the load level increased. Therefore, the

Frontiers in Materials | www.frontiersin.org

12

October 2021 | Volume 8 | Article 765058


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Sun et al.

Log,  ANPSD

0 500 1000 1500

2000
Frequency (Hz)
FIGURE 13 | ANPSD of BG1.

TABLE 2 | Comparison of the natural frequencies of BG1 and BG2.

Natural frequencies BG1 BG2 AF (%)
f1(Hz) 76.48 76.98 0.65
fo(Hz) 292.43 293.43 0.34
fs(Hz) 617.35 619.35 0.32
fa(Hz) 1017.75 1020.74 0.29
fs(Hz) 1468.63 1472.63 0.27
fo(Hz) 1952.51 1957.01 0.23

flexural cracks at the midspan are simulated uniformly by using the
proposed spectral model. It can be observed that the measured FRP
strains are more localized due to the penetration of cracks and their
nearby openings; thus, the strain variation at the midspan exhibits
conditions that are different than the average conditions assumed in
the numerical simulation.

Concrete Strain

In the test, to measure the strain development of concrete, the strain
gauges were located on top of the FRP-RC beams at the midspan. The
typical load-strain relationships of both specimens are shown in
Figure 7. As shown, the proposed numerical approach predicts the
measured concrete strains for BG1 and BG2 reasonably well. Similar to

Simplified Numerical Model

the development of the FRP strains in Figure 6, the concrete strain is
negligible before cracking, and it increases remarkably with load until
failure after concrete cracking at a load level of 14 kN. The experimental
strain of the concrete on the top surface is compared with the
predictions of the proposed model and FE simulation. The
differences between the tested data and numerical results are shown
in Figure 7. One of the reasons for this discrepancy may be the
heterogeneity of the concrete material, as it is assumed to be
homogeneous for the numerical calculation to simplify the nonlinear
analysis. Nevertheless, considering the fact that only one-dimensional
and two-dimensional elements are used for numerical simulation in the
proposed spectral approach and FEM, respectively, the predicted global
and local behaviours are reasonable, as presented previously, which
demonstrates the reliability of the proposed spectral model.

As previously presented, the cross section of the reinforced
beam was divided into several fibres to update the material
properties during nonlinear analysis. Hence, the concrete strains
of BG1 and BG2 at the midspan can be evaluated along the depth of
the beam at different load levels. Figure 8 shows the strain profiles
on the cross section at different load levels for the two RC beams.
The slopes of the strain profiles represent the curvature of the cross
section. Obviously, the concrete strain across the depth of the
section shows a linear relationship, and a larger strain in the
compressive and tensile sections are observed at higher load levels.

By using the strain sensors located at the top of the reinforced
concrete beam, the neutral axis depth can be deduced by using the
curvature (¢) and concrete strain at the top fibre of the midspan
(g.) as follows:

X =— (24)

According to the distribution of the concrete strain along the
depth of the cross section, as illustrated in Figure 8, the average
neutral axis depth can be evaluated numerically by using linear
interpolation. The numerical prediction and experimental neutral
axis depth are compared in Figure 9. The neutral axis depth,
which is located at the middle of the cross section, has a value of
125 mm before cracking and decreases significantly when a
cracking load of 14 kN is reached. Thereafter, the neutral axis
depth increases slightly until the maximum load level. The
influence of the reinforcement ratio on the neutral axis depth
is also shown in Figure 9; good agreement can be observed
between the numerical simulation and the experimental results.

TABLE 3 | Comparison of frequency changes due to damage.

Natural frequencies BG1 BG2
DO D1 D2 DO D1 D2

f; (H2) 76.48 76.48 75.98 76.98 76.48 76.48

fa (H2) 292.43 292.42 292.43 293.43 293.42 293.42
fs (Hz) 617.35 616.34 614.84 619.35 618.34 616.84
f4 (H2) 1017.75 1017.24 1016.74 1020.74 1020.24 1019.74
fs (Hz) 1468.63 1467.13 1465.63 1472.63 147113 1469.63
fe (H2) 1952.51 1951.01 1951.01 1957.01 1954.51 1951.01

Note: DO-No damage; D1-10% damage; D2-20% damage.
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Bond Shear Stress

For a segment of the tensile bar surrounded by concrete with a
length of AL, as shown in Figure 10, the bond shear stress can be
considered to be uniformly distributed around the interface
between the FRP bar and concrete. For a segment of the FRP
bar, the force equilibrium can be formulated as

doAp, = TCAL (25)

where o is the axial stress of the bar, 7 represents the average
interfacial stress between the concrete and the bar, and C denotes
the perimeter of a cross section of the FRP bar. Based on Eq. 25,
the average bond stress can be obtained as

_ Epd (e, — &)
=22 U

4AL (26)

where d is the diameter of the bar, and ¢; and ¢, denote the strains
at both ends of the segment of the bar. From Eq. 26, it is clear that
the average bond stress is proportional to the rate of change in the
FRP strain along the length of bar, and the axial stress of the bar is
balanced by the bond shear stress, which is provided by the
confined concrete surrounding the reinforcement. Therefore, the
bond stress can be calculated according to Eq. 25 using the FRP
strain obtained from the proposed model.

Different surface conditions of the FRP bars in the
manufacturing process would affect the bond behaviour due to

the mechanical interlock between the deformed bar and the
confined concrete. This effect is beyond the scope of this study,
considering the simplicity of proposed one-dimensional model.
Hence, to study the interfacial bond behaviour, the average bond
shear stress along the length of bar is numerically evaluated using
Eq. 26. A refined mesh is needed to study the interfacial bond
stress, and the length of the proposed one-dimensional element is
defined as 0.01 m, resulting in 230 spectral elements for the two
specimens. Nevertheless, the computational cost has decreased
dramatically compared with that of conventional FEM. Since few
strain gauges were used in the test, the bond stresses along the
lengths of the beams were not measured. To clarify, the numerical
results are discussed in this section.

The average bond shear stress of BG1 and BG2 distributed along
the length of the FRP bar are evaluated numerically, as shown in
Figures 11A,B, respectively. As the smeared crack model is
employed to model flexural cracks in this study, concrete
cracking is represented by reducing the elastic modulus of each
element. Hence, the bond stress concentrations near the flexural
cracks are not represented in a distributed way. As shown, the
predicted bond stress between the two loading points at the midspan
of the RC beams tends to be zero, and it increases from the loading
point to the shear span until reaching a peak stress. With increasing
load, the value of peak bond stress increases. The location of the peak
point would gradually move towards the supported end of the beam
with increasing load, from 0.52 m at 20 kN to 0.24 m at 50 kN for
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FIGURE 15 | First four mode shape curvatures of BG1 of damaged scenario.

BG1, and from 0.58 m at 20kN to 0.2 m at 70 kN for BG2. This
phenomenon demonstrates that the concrete surrounding the FRP
bar might peel off near the beam’s support at a high load level, as the
maximum bond strength is exceeded. Furthermore, it is worth
noting that the value of the peak bond stress of BG1 (from 11.69
to 13.79 MPa) is higher than that of BG2 (from 4.93 to 7.25 MPa)
before the ultimate load is achieved, which means that debonding
failure of the FRP bars at the support region might occur in an RC
beam with a lower reinforcement ratio.

Figure 12 shows the distance of the peak bond stress from the
left support of the reinforced beam under different load levels.
The peak bond stresses are located at the point of loading
initially and could migrate towards the supporting end of the
beam as the load increased, until failure, as long as the cracking
load is reached. The turning points of both curves are associated
with the cracking load at load levels of 12 and 14 kN for BG1 and
BG2, respectively. As seen in Figure 12, the location of the peak
bond stress of BG1 is closer to the free end than BG2 at the same
load level. Additionally, the peak stress of BG1 is higher than
that of BG2, as shown in Figure 11. Therefore, it can be
concluded that end-peeling, which usually occurs in a sudden
and brittle way, is more likely to occur at the surface between the
FRP bar and the surrounding concrete in BG1 than in BG2. Due
to a higher axial stress resistance, a higher reinforcement ratio of

the FRP bars can enhance the shear bond performance of a
reinforced beam.

DYNAMIC VALIDATION

As shown in Eq. 23, the DSM [K], in which the circular frequency wn
is included, is established in the frequency domain. Since the DSM is
frequency-dependent, only one element is sufficient to capture the
natural frequencies as long as the material and geometrical properties
remain unchanged throughout the entire element by making a
frequency sweep over a wide frequency range. Therefore, the mesh
refinement is no longer needed to capture the natural frequencies and
related mode shapes especially in high frequency range, and a
dramatic reduction of computational costs can be realized.

In this work, the signal of the excitation force is applied at the
two loading points, and the dynamic responses are captured at four
points equally spaced along the beam to simulate different output
channels. Despite the fact that only one element can sufficiently
represent entire reinforced beam (Sun et al., 2018) as long as the
material and geometric properties remains unchanged, more
elements are applied in this study so that the nodes of the
spectral model correspond with the location of the applied load
and output channels. After that, the frequency sampling points are
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swept from 0 to 2,000 Hz to obtain the natural frequencies of the
specimen, and the average normalized power spectral densities are
obtained according to the spectra signatures from all channels.

A typical profile of the average normalized power spectral density
(ANPSD) of BGI is shown in Figure 13, and the natural frequencies
can be obtained by the frequencies associated with the peak values in
the curve. Using the same method, the modal frequencies of both
specimens are shown in Table 2, and it is clear that the differences
between BG1 and BG2 are quite small (from 0.23 to 0.65 percent),
which shows that the increasing reinforcement ratio only slightly
influences the modal frequencies.

Taking the computational efficiency and accuracy into
account, the spectral method can also be used for damage
identification by employing a vibration-based technique that
can reflect changes in the stiffness, mass or damping ratio of a
structure. To achieve this goal, the element size is set as 0.1 m,
resulting in 23 elements for BG1 and BG2. Two damage scenarios
(D1 and D2) are introduced by reducing the elastic modulus of
the element at 1.0 m by 10-20 percent to numerically simulate the
flexural crack at the midspan of the specimens. Using the same
procedure, the frequency changes among the different levels of
damage scenarios can be calculated, as shown in Table 3. The
frequency changes can be clearly observed which demonstrate the
influence of structural damage on natural frequencies.

The measurement of natural frequencies can exhibit the global
structural changes, but it is insufficient when being used for the
localization of structural damages. The mode shape curvature,
which is extracted from the second-order differentiation of
displacement mode shapes as shown in Eq. 27, is more
sensitive for depicting structural damage than the frequency
characteristics. Hence, it will be used herein to indicate the
damage location of the reinforced beam.

G 2¢lj-2<z) +9,i-1) o

In this study, mode shapes can be extracted directly from the
nodal displacement related to each natural frequency since the
proposed spectral model is formulated in the frequency
domain. The damage scenario D2 (20% damage) of BGI is
chosen to study the alternation of mode shape curvature. The
first four mode shape and mode shape curvature are shown in
Figures 14, 15. According to the abrupt changes of mode shape
curvature observed at the location of damaged element, the
structural changes correlated to changes in material properties,
which are usually caused by structural damage, can be clearly
indicated.

Furthermore, an interesting application of the proposed
model for damage identification is to be used as the baseline
model of FRP-RC beams under a framework of model updating
strategy, in which the static and dynamic measurements are
usually used to update the baseline model in order to assess the
structural conditions. Due to its simplicity and efficiency, the
proposed one-dimensional spectral model enables the updating
procedure to be conducted in a fast way, compared with that of
FE model which requires high computational costs. From this
preliminary study, it is found that the quantification of
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structural damage at an early stage can be used to predict
catastrophes and the proposed model has great potential to
achieve this purpose.

CONCLUSION

This study numerically investigated the static and dynamic
performances of a concrete beam reinforced with FRP bars by
using a simplified spectral model. A one-dimensional spectral
model is developed to study the flexural behaviour of FRP-RC
beams, and the global deflection and local strain of concrete and
FRP bars are calculated. Compared with experimental and FE
results, the accuracy of the proposed model has been demonstrated,
and satisfactory precision can be achieved by using a small number
of elements. The interfacial bond behaviour between the FRP bar
and the surrounding concrete is simulated. Despite the simplicity
of the proposed one-dimensional model, the peak shear stress and
its propagation towards the support end of the RC beam with
increasing load have been appropriately captured. This
phenomenon represents the tendency of end-peeling of FRP
bars when the interfacial shear strength is exceeded.

Since the proposed spectral model is derived in the frequency
domain, the dynamic characteristics of the FRP-RC beam, such as
the natural frequencies and mode shapes, are obtained by using a
small number of elements. Compared with the FE analysis, the
computational costs are reduced dramatically due to the simplicity
of the proposed model. Furthermore, damage location can be
clearly observed based on the changes of the mode shape
curvatures. Therefore, due to the simplicity and efficiency, the
proposed model might be used as a baseline model for damage
identification to prevent catastrophes at an early stage.
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Cracks are one of the most common factors that affect the quality of concrete surfaces, so
it is necessary to detect concrete surface cracks. However, the current method of manual
crack detection is labor-intensive and time-consuming. This study implements a novel
lightweight neural network based on the YOLOv4 algorithm to detect cracks on a concrete
surface in fog. Using the computer vision algorithm and the GhostNet Module concept for
reference, the backbone network architecture of YOLOv4 is improved. The feature
redundancy between networks is reduced and the entire network is compressed. The
multi-scale fusion method is adopted to effectively detect cracks on concrete surfaces. In
addition, the detection of concrete surface cracks is seriously affected by the frequent
occurrence of fog. In view of a series of degradation phenomena in image acquisition in fog
and the low accuracy of crack detection, the network model is integrated with the dark
channel prior concept and the Inception module. The image crack features are extracted at
multiple scales, and BRelLU bilateral constraints are adopted to maintain local linearity. The
improved model for crack detection in fog achieved an mAP of 96.50% with 132 M and
2.24 GMacs. The experimental results show that the detection performance of the
proposed model has been improved in both subjective vision and objective evaluation
metrics. This performs better in terms of detecting concrete surface cracks in fog.

Keywords: crack detection, deep learning, concrete surface, improved YOLOv4, ghostnet, dark channel prior

INTRODUCTION

Controlling concrete surface quality is one of the main challenges facing the concrete industry. High
quality concrete surfaces leave an aesthetically pleasing impression, so architects and building owners
are getting stricter about concrete surface quality (Chen et al., 2019; Wei et al., 2019). Crack, one of
the most common affecting factors for concrete surface quality, has a significance impact on the
safety and sustainability of concrete buildings. Therefore, crack detection plays an essential role in
maintaining buildings.

Traditionally, human visual inspection was often used to assess defects on concrete surfaces (Peng
et al,, 2020). Nevertheless, the judgment conclusions drawn by different people are diverse under the
identical concrete surface conditions (Laofor and Peansupap, 2012). Furthermore, the above method
generally requires more labor force and time, and it does not produce consistent quantitative
objective results. Hence, automatic defect inspection is extremely feasible to assess defects more
efficiently and objectively.

In comparison with the deficiencies of the traditional human visual identification methods, there
has been extensive research on the computer-based methods. Scholars have proposed a mass of
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damage detection methods based on image processing techniques
(IPT) have been proposed. Obviously, IPT is preponderant in
identifying various surface defects. Yeum et al. once applied IPT
to detect cracks (Yeum and Dyke, 2015), while integrating with
sliding window technology. In the present study, the potentials of
IPT are embodied distinctly. In recent years, many studies
(Nishikawa et al., 2012; Choi et al., 2017) based on IPT have
been carried out to replace human visual inspection. However,
the detection performance is severally weakened in case the
intensities of some noisy pixels are lower than those of crack
pixels. Given edges and cracks are morphologically similar to a
large extent, many researchers (Salman et al., 2013; Zalama et al.,
2014) adopt filter-based methods special for edge detection to
detect pavement cracks. The IPT-based method is effective and
fast, but its robustness is still far from enough in the event of
noises (mainly generated by lighting and distortion), which
seriously affects the results (Koziarski and Cyganek, 2017).
Denoising technology can overcome these problems desirably.
Total variation image denoising is a prevailing method to reduce
the noises of image data, thereby enhancing the edge detectability
of images (Beck and Teboulle, 2009). Owing to the significant
changes in the image data captured in real engineering, the
application of transcendental knowledge in IPT is restricted.
These traditional crack detection methods are obviously
defective: each method is designed for a specific database or
setting. The crack detectors often do not work, once the setting or
database is changed. Moreover, it is difficult to extract semantic
information (width and location of cracks, etc.) from images. In
order to help inspectors detect defects, image processing
algorithms are usually used. But the final results are still
obtained relying on manual judgment (Oh et al., 2009).

At present, image acquisition equipment and computing
capabilities are increasing improved, a host of machine
learning algorithms (such as deep learning) have been used to
recognize objects with acceptable results (Ciresan et al., 2012; He
et al., 2015; Krizhevsky et al., 2017; Zhang et al., 2021). Deep
learning techniques are data-driven approaches which do not
require manually-designed rules. When building the model, it is
just necessary to select a proper network structure for model
output evaluation and a reasonable optimization algorithm. Wide
attention has been attracted to the Convolutional Neural Network
(CNN), as an effective recognition method (Lecun et al., 2015). In
addition, it has been highlighted in image classification and object
detection (Ren et al.,, 2017). A deep-learning-based method was
developed to detect concrete bugholes (Wei et al., 2019; Yao et al.,
2019; Wei et al., 2021), concrete cracks (Chen and Jahanshahi,
2018; Dung and Anh, 2019; Sun et al.,, 2021; Tang et al., 2021a;
Yao et al,, 2021), pavement cracks (Ji et al., 2020; Mei and Giil,
2020; Guan et al.,, 2021), and other defects (Lin et al., 2017; Cha
et al,, 2018; Li et al., 2019; Tang et al., 2021b; Jiang et al., 2021).
The existing crack detection methods based on CNN generally
have problems, such as complex network structures and excessive
training parameters. One crucial technical problem is balancing
the efficiency and accuracy of the detection.

At present, the mainstream framework of object detection
based on deep learning is mainly divided into two categories: two-
stage, based on the idea of target region proposal, and one-stage,

Concrete Crack Detection in Fog

based on the idea of regression. Target region proposals in the
two-stage category are extracted first, and the detection model is
then trained based on them (such as RCNN (Girshick et al.,
2013), Fast-RCNN (Girshick, 2015) and Faster-RCNN) (Ren
et al, 2017). The one-stage category does not have the
extraction operation of the target region proposal, and the
target category and location information are directly generated
by the detection network (such as SSD (Liu et al., 2016), YOLOv3
(Redmon and Ali, 2018) and YOLOv4 (Bochkovskiy et al., 2020)).
Two-stage has higher task accuracy but slower speed, while one-
stage can achieve real-time performance at the expense of
accuracy. Therefore, in order to balance the detection
efficiency and accuracy of the concrete surface cracks, the
GhostNet Module concept (Han et al, 2020) is used for
reference, and the backbone network architecture of YOLOv4
is improved so as to use fewer parameters to generate more
features. The feature redundancy between networks is reduced,
and the whole network is compressed. The multi-scale fusion
method is adopted to effectively detect cracks on concrete
surfaces, greatly overcoming the difficulty of manual detection.
At present, most relevant studies are carried out under
conditions wherein the image information is clear and
obvious. With the frequent occurrence of adverse weather
(such as haze), the collected images will be degraded by the
loss of detailed information, color distortion and image
resolution. The recognition method of the network model in
the clear image scene appears to be slightly lacking in practicality.
When the target features of the collected images in fog are unclear
and the resolution is problematic, the lightweight YOLOv4
network model is directly used for crack detection, and the
detection performance will be reduced. Consequently, in this
paper, the network model is integrated with the dark channel
prior concept (Kaiming et al., 2011) and the Inception module
(Szegedy et al., 2016). The image crack features are extracted at
multiple scales, and BReLU bilateral constraints are adopted to
maintain local linearity. Based on the atmospheric scattering
model (Nayar and Narasimhan, 1999) and the improved
YOLOv4 model, cracks on concrete surfaces can be detected
effectively in fog. The proposed network model is compared with
the YOLOv3 algorithm in subjective vision and objective
evaluation metrics. The results show that the proposed
method has better detection performance, and the model
parameters and amount of calculations are greatly reduced.

THE LIGHTWEIGHT MODEL FOR
CONCRETE CRACK DETECTION

The Principles of YOLOv4

The backbone network CSPDarknet53 of YOLOv4 is the core of
the algorithm and is used to extract the target features. CSPNet
can maintain accuracy and reduce computing bottlenecks and
memory costs while being simplified. Drawing from the
experience of CSPNet, YOLOv4 adds CSP to each large
residual block of Darknet53. It divides the feature mapping of
the base layer into two parts, then merges them through a cross-
stage hierarchical structure to reduce the amount of calculations
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CSPDarknet53
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FIGURE 1 | YOLOv4 network architecture.
of information circulation in the PANet network. Firstly, the
Inputs semantic information of the layer features is propagated to the
I ! low-level network by upsampling, and is then fused with the high-
resolution information of the underlying features to improve the
Conv(1x1xchannel/s1) small target detection effect. Next, the information transmission
— path from the bottom to the top is increased, and the feature
Conv(1x1xchannel/s1) pyramid is enhanced through downsampling. Finally, the feature
| maps of different layers are fused to make predictions. The
: specific network framework is shown in Figure 1
Conv(3x3xchannel/s1) Conv(IxIxchannel/s1) (Bochkovskiy et al., 2020). The ResBlock_body is the residual
Y block of CSPDarknet53, which can extract the target features of
oy the image and reduce the computational bottleneck and the
v memory cost. The specific internal Module architecture is
Conv(1x1xchannel/s1) shown in Figure 2 (Yao et al., 2021).
¥ The Principles of the Ghost Module
SO enate The Ghost Module can use fewer parameters to generate more
} feature maps. Specifically, in view of the large amount of
Conv(1x1xchannlex2/s1) redundancy in the intermediate feature maps calculated by
mainstream CNN, the deep neural network divides the
FIGURE 2 | ResBlock module structure, ordinary convolutlonal. 1ay§r 1n.t0 two parts. In the ﬁ.rst part,
the number of convolutions is strictly controlled, and the inherent
feature maps are extracted by ordinary convolution operations. In
while ensuring accuracy. The activation function of  the second part, a series of simple linear operations are used to

CSPDarknet53 uses the Mish activation function, and the
subsequent network uses the Leaky ReLU function. The
experiments demonstrated that this setting had higher
accuracy in object detection. Unlike the YOLOv3 algorithm,
which uses FPN for upsampling, YOLOv4 draws on the idea

generate more feature maps. Compared with the ordinary
convolutional neural network, the total number of parameters
and computational complexity required in the Ghost module are
reduced without changing the size of the output feature map. The
specific implementation is shown in Figure 3 (Han et al., 2020).
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The memory and computation benefits achieved using the
Ghost module are analyzed. The input data is X € R™"™, where ¢
is the number of channels, w is the width and 4 is the height.
Y € R js the output feature map with #n channels, and
f € ROFn s the convolutional kernel size. The FLOPs
required by the ordinary convolution process are n x h X w x ¢ X
kxk.

The Ghost module believes that the output feature maps are
transformed by a few original feature maps through some
cheap operations such as linear transformation. The size of
the ordinary convolution kernel is f'e RO*F*®™ where m<n,
and the output feature map is Y'e R**“>™ In this way, in
order to further obtain the required n feature maps, a series
of cheap linear operations are used to generate s duplicate
feature maps for the original map in Y’, and the average
kernel size of each linear operation is d x d. The theoretical
speedup ratio when using the Ghost module to upgrade
ordinary convolution is computed by Eq. 1 The
magnitude of dxd is similar to kxk and s<c. The
compression ratio of the parameter is computed by Eq. 2
The compression ratio of the parameter is approximately
equal to the speedup ratio.

nxh xw xexkxk

rs:gxh’xw’xcxkxk+(s—1)><§><h'><W'><d><d
_ cxkxk L sxe 0
Ixexkxk+ixdxd s+c-1
nxcxkxk sxc
r, = 2

:fxcxkxk+(s—l)xfxdxd:s+c—l~

The Lightweight YOLOv4 Model Structure
The Improvement of the YOLOv4 Model Framework
The Ghost module is applied to generate the same number of
feature maps as the ordinary convolutional layer. It can easily
replace the convolutional layer and integrate it into the existing
designed neural network structure to reduce the computational
cost. The Ghost module is utilized to build a Ghost bottleneck
structure to replace the Resblock_body bottleneck structure in the
YOLOvV4 network model, which can further eliminate feature
redundancy.

The Ghost bottleneck constructed using the Ghost module
concept is shown in Figure 4. Similar to the basic residual block in
ResNet, it integrates multiple convolutional layers and shortcuts.
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The Ghost bottleneck structure is mainly constructed by two
stacked Ghost modules. The first Ghost module is used as an
extension layer which increases the number of channels. The
second one reduces the number of channels to match the shortcut
path. The shortcut is then used to connect the input and output of
the two Ghost modules, and the MobileNetv2 module concept is
used for reference. The ReLU structure is not used after the
second Ghost module. For the Ghost module with stride = 2, the
shortcut path is implemented by the separable convolution of the
downsampling layer and stride = 2.

In this section, following the advantages of the basic SPP and
PANet architecture in the YOLOv4 module, the Ghost bottleneck
is used to replace the Resblock_body structure in the YOLOv4
module. The specific replacement network structure is shown in
Figure 5.

The Fast Non-Maximum Suppression Algorithm

The traditional Non-Maximum Suppression (NMS) (Neubeck
and Gool, 2006) algorithm arranges items in descending order
according to the confidence scores of the detected target boxes. It
sets an Intersection over Union (IoU) threshold and removes
bounding boxes larger than the threshold. Until all the prediction
boxes are traversed, the remaining bounding boxes are taken as
the final target detection result. Since it is a sequential traversal,
each category needs to be sorted and filtered, which will result in a
loss of algorithm speed. In this study, considering the image
characteristics of the concrete surface cracks, parallel processing
is adopted to screen and retain each boundary box in parallel.

Firstly, all unfiltered network prediction boxes are input, and are
arranged in descending order according to the confidence scores.
Only the first N detection results are selected. The IoU for the
crack prediction results is then calculated to obtain the IoU
matrix. The diagonal elements and the lower triangle are self-
intersecting and recalculating, and are set to 0. The maximum
value of the IoU matrix is calculated, and the boxes outside the
threshold limit are filtered out. As a result, the final screening
result is the final recognition result.

THE CONCRETE CRACK DETECTION
MODEL IN FOG

With the frequent occurrence of adverse weather such as haze, the
collected images will be degraded by low image resolution and the
loss of detailed information. The YOLOv4 network model lacks
some practicability when applied to crack detection in clear image
scenes, and its detection performance will decrease. This section
focuses on a series of degradation phenomena in image acquisition
and the low detection rate of cracks in adverse weather. Dark
channel prior and the Inception module are used for reference to
integrate into the network model. The image crack features are
extracted at multiple scales, and BReLU bilateral constraints are
adopted to maintain local linearity. The clear crack scene is
restored based on the atmospheric scattering model, and the
crack structure is effectively detected by combining with the
improved YOLOv4 network model.
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FIGURE 6 | Atmospheric scattering imaging link.

FIGURE 7 | Clear image and dark channel image.

Atmospheric Scattering Model images. In most local areas of fog-free images, there are always
There are two main factors leading to image degradation in hazy ~ one or more pixels whose gray value is close to 0. The
weather. One is that the atmospheric light is scattered by the  mathematical expression is shown in Eq. 4.

atmospheric haze particles to produce stray light, which affects

the image resolution. The other is that the light reflected from the ]zzl;ek“ — min { min [ Lg"iecl ] } -0 (4)
atmosphere to the target will cause light attenuation through the e | cefrgb}

absorption and scattering of suspended particles, which usually . ) . (1(i)

results in blurred image details and decreased contrast. Based on t(i.j) - 1- mcln< ygg&(A—)) ®)
these two factors, Nayar and Narasimhan proposed an ® A
atmospheric scattering model (Nayar and Narasimhan, 2002).  where Q(x) is the local area of the fog-free image; L7 and
The imaging link is shown in Figure 6. The mathematical ]Zl;’rek“ represent the original image and the image processed by

expression is shown in Eq. 3. dark channel, respectively. Figure 7 presents a dark channel
image of a fog-free image. The atmospheric transmittance t can be
obtained quickly by substituting the dark channel concept of Eq.
4 into the atmospheric scattering model, after which the clear
image can be restored. The mathematical expression is presented
as Eq. 5 Drawing lessons from the characteristics of the dark
channel concept and integrating them into the neural network
model is helpful for restoring clear images, and provides a higher
detection rate for detecting cracks on concrete surfaces.

I=L t+ A =LY e+ Ay (1-eP?) 3)

where I and L% represent the light intensity of foggy images
and sunny images, respectively; t represents the atmospheric
transmittance; A represents the atmospheric light intensity;
Ao represents the atmospheric light intensity at infinity;
represents the extinction coefficient of scattering and
absorption; d represents the distance between the target and
the imaging system. Eq. 3 reveals that two parameters must be
reconstructed if a clear image is to be restored: the atmospheric ~ Framework of Crack Detection Model
transmittance ¢ and the atmospheric light intensity at infinity A~ The Improvement of the Model Framework

In this section, the YOLOv4 model architecture is improved to
Dark Channel Prior complete the crack detection on concrete surfaces in fog. The
Dark channel prior (Kaiming et al., 2011) is a prior theory  input data structure is the RGB concrete fog image, and the
obtained from the statistics of a large number of fog-free  transmittance map of the corresponding fog image is expected to

Frontiers in Materials | www.frontiersin.org 23 December 2021 | Volume 8 | Article 798726


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Yao et al.

Concrete Crack Detection in Fog

‘ Input (256,256,3)

!

‘ 3x3 Conv + Maxout

Conv(1x1)

Conv(1x1)

Conv(1x3)

Conv(1x1)

‘ Concat

!

‘ Max pooling

v

‘ BRelu

v

‘ Transmission

Ghost-CSPDarknet

53

‘ Restored image(256,256,3)

Atmospheric
scattering
model

!

‘ DarknetConv2D_BN_Mish(256,256,32) ‘

!

‘ Ghost-bneck(128,128,64)x1

!

‘ Ghost-bneck(64,64,128)x2

!

‘ Ghost-bneck(32,32,256)%8

PANet

Cony

Concat + Convx5

!

‘ Ghost-bneck(16,16,512)x8

Conv+UpSampling |

‘ DownSampling ‘

> Yolo Head

Conv ‘

Concat + Convx5 H Concat + Convx5 %

—>{ Yolo Head ‘

!

Conv+UpSampling |

DownSampling

‘ Ghost-bneck(8,8,1024)x4 ‘

‘ Concat + Convx3 ‘

Y
‘} Concat + Convx5 }7% Yolo Head ‘

FIGURE 8 | Framework of crack detection model in fog.

be output in the middle. The position information of the image
pixels remains unchanged, and the atmospheric light intensity at
infinity is then estimated. The atmospheric scattering model is
used to restore the image, and the cracks on the concrete surface
are detected in combination with the lightweight YOLOv4 model

structure. The specific improved network model is shown in
Figure 8.

The first layer of the network is the feature extraction layer,
which can effectively extract the features of foggy images.
Combined with the dark channel prior method, the activation
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FIGURE 9 | The principle of the quadtree spatial index.

<O> <> 4> <>

TABLE 1 | The method for estimating atmospheric light intensity at infinity.
Input image : Original foggy image / and Dark channel image lyar«

(1) Perform median filtering on I: Imegian = median (Igark)

(2) Perform quadtree segmentation on /yegian- The image area information is stored in
four leaf nodes

(3) The leaf node score is defined as:/score () = ave{lmedian (Q)};

(4) Select the leaf node with the largest score Q

(5) Loop 2-5 steps until the area Q is smaller than the threshold area size y of the
adaptive image resolution. The threshold area is defined

as: y = 0.04 x min(raw, col)

(6) Calculate the average value of the corresponding coordinate area in the original
foggy image / as the atmospheric light intensity at infinity: A, = ave{l(Q)}

function of convolution and Maxout is used as the first layer of
the network. Firstly, the input foggy image is composed of 16
filters with a convolution kernel size of 3 x 3. Subsequently, based
on the idea of image dark channel, the Maxout nonlinear
activation function is selected to realize the local minimum
filtering function, and the extracted feature map is output.

Maxout divides the feature map z extracted by convolution
into groups with k values, after which the Maxout unit outputs the
largest element among them. It is defined as & = z;. It can be seen
that the Maxout activation function achieves the fitting.of the
convex function by separating the k terminal and taking its
maximum value. On the basis of the Maxout unit, the first
layer of the network is designed as shown in Eq. 6.

F (%) =}!3§,§f'{’ (x), fY=W{xI+B/ (6)
where W'IJ is an inverse filter with a center value of —1 and a size
of 3 x 3. This means that the maximum output after the Maxout
activation function is the minimum color channel value, which is
the idea of the dark channel. The automatic learning of dark
channel features is realized through feature extraction of the
first layer.

In the second layer, a multi-scale convolution neural network
is used to extract the features of the target. To improve the
robustness of the feature extraction under different resolutions,
the multi-scale extraction capability of the Inceptionv3 module
structure is utilized, and the adaptability to the network width

and depth is increased. It can be seen that the spatial filters (5 x 5,
7 x 7) with larger computing power are replaced by a convolution
kernel (3 x 3) with smaller computing power in the second layer
network structure, which not only reduces the number of
parameters, but also speeds up the computations. Cross-
channel information integration can be realized by designing
the dimension reduction structure of a 1 x 1 convolution kernel
followed by a 3 x 3 convolution kernel. The outputs of the
adjacent activation responses are highly correlated, and the local
representation ability is not reduced when reducing the number
of these activation effects before aggregation. At the same time,
the 3 x 3 convolution kernel is decomposed into two one-
dimensional convolution kernels 1 x 3 and 3 x 1 by the
convolution kernel decomposition design. Not only can this
speed up the computations, but it can also increase the depth
and nonlinearity of the network.

In the third layer, space invariance is achieved by selecting the
maximum value of the neighborhood. Moreover, the local
extremum is also consistent with the assumption that the
medium transmission is locally constant in foggy weather, and
the noise in the transmission image can be suppressed. In the
fourth layer, inspired by the ReLU and Sigmoid activation
functions, the BReLU activation function is used for nonlinear
activation. The range of atmospheric transmittance ¢ is 0-1, which
cannot be infinite or infinitesimal. Both local linearity and bilateral
restrictions are maintained through a 3 x 3 convolution kernel. The
transmittance image of the atmosphere can be mapped end to end.
Ultimately, the input fog image is used to estimate the atmospheric
light intensity at infinity, and the clear image can be restored. The
lightweight YOLOv4 network model is utilized to detect concrete
surface cracks.

The Estimation of Atmospheric Light Intensity at
Infinity A,

According to the atmospheric scattering model of Eq. 3, the
accuracy of the atmospheric light intensity estimation at infinity
is analyzed. It directly determines the clarity of the restored target.
Consequently, the atmospheric light intensity at infinity is
directly related to the image clarity. In this paper, based on
the dark channel of the haze image and combined with the
quadtree spatial index principle, the atmospheric light
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TABLE 2 | The initial parameters of the first stage.

Parameter Value
Base_LR 107°
Batch_Size 16
Train_Epoch 100
Weight_decay 5x 107
Lr_scheduler_Max_iterations 5
Lr_scheduler_Minimum_Ir 107°
TABLE 3 | The initial parameters of the second stage.

Parameter Value
Base_LR 107
Batch_Size 16
Train_Epoch 500
Weight_decay 5x 107
Lr_scheduler_Max_iterations 5
Lr_scheduler_Minimum_Ir 107°

intensity at infinity is estimated. Figure 9 illustrates the principle
of the quadtree spatial index. The specific method of estimation is
shown in Table 1.

The atmospheric light intensity at infinity is estimated by the
above method, and the transmission image is reconstructed with
the neural network. Through combination with the atmospheric
scattering model of Eq. 3, a clear concrete crack image can be
recovered, and by combination with the lightweight YOLOv4
network model framework, the crack training and detection can
then be carried out.

The Construction of the Network Loss Function

The loss function of the network model is composed of the
following parts: the transmittance estimation loss, the regression
loss, the confidence loss and the classification loss. The regression
loss of the prediction box adopts the CIOU loss function of the
YOLOV4 network model. The mathematical expression is shown
in Egs. 7-9.

2

LCIOU =1 —IOU+—2+“V (7)
[
4 ; we tan? 2 ®)
vV=—\|arctan — —arclan —
2 B h
v
)

a=——
1-IoU +v

where d represents the Euclidean distance between the center
points of the two prediction boxes and ¢ represents the diagonal
distance of the closed area of the prediction box.

The confidence loss function adopts cross entropy and is
divided into two parts: obj and noobj. In order to reduce the
contribution weight of the noobj calculation part, the loss of
noobj increases the weight coefficient A0p;. It is shown in Eq.
10 The classification loss function adopts cross entropy. When
the jth anchor box of the ith network is responsible for a real
target, the bounding box generated by this anchor box will

Concrete Crack Detection in Fog

calculate the classification loss function. This is shown in Eq. 11
The loss of transmittance estimation learns the mapping
relationship between the input image and transmittance by
minimizing the loss function between the estimated
transmittance and the actual transmittance. The mean square
error between actual transmittance and predicted transmittance
is defined as the loss function. The loss function is defined as
Eq. 12.

Leont = KZK il;bj[éilog(ci) + <1 - Ci>10g(1 - ci)]—
Anoobj KZK ilg"‘"’f [Cilog(Ci) + <1 - Ci)log(l - ci)] (10)
Lo = grgbf > [tz pute) + (170 Jlog (1 -1, 0)]
=R "
Lis = [% i(% ) —ynz)] 2 IZ ;Z(w;f”Y (12)

In Eq. 12, The first term on the right side of the equation is the
mean square error term, and the second term is the regular term.
The regular term has nothing to do with the bias bi(l) and can only
control the size of the weight, so it is also called the weight
attenuation term. The weight decay parameter A in the weight
decay term can be used to determine the proportion of the two
items in the loss function. The key of training is to obtain the
minimum cost function by continuously adjusting the weight wi(;)
and bias b,-(l).

In this section, the loss function of the crack detection model
framework in fog is defined as:

Ltotal = LCIOU + Lconf + Lclasses + Ltruns (13)

EXPERIMENTS

Image Database Creation

A smartphone is used for image acquisition. For the purpose of
collecting images of small cracks on a concrete surface, all
images are taken from a distance of 0.1 m between the
smartphone and concrete surface. 2000 original images (3,024
x 3,024 pixels) are extracted from the surfaces of concrete
buildings. Each original image can be cropped to generate
139 images (256 x 256 pixels). However, some cropped
images do not include cracks. As a result, the images with
cracks are meticulously selected from the cropped image set.
Finally, 10,000 images conforming to requirements are selected
to create the database.

The actual transmittance of the defogging images needs to be
obtained as a label for training. Since the shooting target in actual
fog needs to be aligned with the pixel position of the shooting
target on a sunny day, there can be no shooting error, and the
construction is too arduous. Accordingly, in this paper, images
taken on sunny days are manually fogged to build the database.
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FIGURE 10 | The indices of the original YOLOv4 model and the lightweight YOLOv4 model: (A) Precision of the original YOLOv4 model (B) Precision of the
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TABLE 4 | The performance comparison of the lightweight YOLOv4 model with the original YOLOv4 model and the YOLOV3 model.

Algorithm mAP (%)
The YOLOv3 model 93.13
The YOLOv4 model 97.32
The lightweight YOLOv4 model 96.88

Parameters (M) FLOPs (GMacs)

234 32.8
244 29.9
121 1.95

T
FATE S N
£ S A'af 'iiAii

FIGURE 11 | The detection results of the concrete surface cracks.

Matlab is used to realize by adding different degrees of white noise
to the image pixel by pixel. Furthermore, with reference to the
Mosaic data enhancement method of YOLOV4, four images are
randomly selected from the database, randomly scaled, and then
randomly distributed for stitching. Not only can this greatly
expand the original database, but it can also enrich the
background of the images. When performing random
cropping, if a part of the label box in the sample is cropped, it
will be discarded and the intact label box will be retained after
cropping. In the process of random scaling, many small targets
are added to balance the scale problem of the original database,
and the robustness of the network is better. Another benefit of
Mosaic data enhancement is that the data of four pictures can be
directly calculated during training, and the batch size can be
improved in disguise. Therefore, the Mini-batch size set during
training does not need to be large, which reduces the training
difficulty of the model.

For the purpose of assessing the generalization ability of the
proposed model, 10,000 images are divided into five parts
based on the fivefold cross-validation principle, among which
80% are used to train and validate the model and the remaining
20% are used to test. More precisely, 8,000 images are
randomly selected from the 10,000 images, among which
7,000 images are used to generate a training set and 1,000
images are used to create a validation set. The remaining 2,000
images not selected for training and validation are used to
build a testing set.

Model Initialization

In the process of network training, in order to improve efficiency
and better save computing resources and time, this paper adopts
the training strategy of freezing some layers. The whole training
process is divided into two stages. In the first stage, only the
Backbone network structure is trained; in the second stage, the
overall network structure is trained. In the training process, the
Cosine Annealing learning rate strategy is adopted, and the
hyperparameters are optimized according to the genetic

algorithm. The initial parameter settings of the first stage and
the second stage are shown in Tables 2, 3, respectively.

Evaluation Metrics of Accuracy

For the purpose of assessing the accuracy of any object
detection technique, many evaluation criteria are proposed
and adopted. The most frequently-used metric for object
detection is the mean Average Precision (mAP) which is
currently used to measure how the labeling methods
perform on a task. Before introducing the mAP, it is
necessary to introduce the commonly-used metrics in the
field of object detection, such as Intersection over Union
(IoU), Precision and Recall. IoU is the ratio of the
intersection and union of the candidate bound and the
ground truth bound, which is also called the Jaccard index.
The classification problem generally sorts the concerned
classes into positive classes and other classes into negative
classes. The prediction results of the testing set may be correct
or wrong, and these results can be divided into four categories:
True Positive (TP), True Negative (TN), False Positive (FP)
and False Negative (FN). The accuracy refers to the number of
correct recognitions of all samples predicted to be positive.
According to the above classification, Eqs. 14-15 define the
precision and recall, respectively.

TP
Precision = —— 14
recision TP + FP (14)
TP TP
Recall = ——— = "— (15)
TP+FN P

where P is the number of positive samples in the testing set.
The Recall reflects the missing rate of the model. The
Precision and Recall are independent of each other. High
precision means that the FP rate is low, which can lead to a
high missing rate. Eq. 16 defines the comprehensive
evaluation value F;. Taking the recall as the horizontal axis
and the precision as the vertical axis, the P-R curve can be
obtained and the Average Precision (AP) can be calculated. In
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TABLE 5 | The performance comparison between the lightweight YOLOv4 model and the improved model in fog.

Algorithm

The lightweight YOLOv4 model
The improved model in fog

mAP (%)

90.72
96.50

Parameters (M) FLOPs (GMacs)
121 1.95
132 2.24

TABLE 6 | The input and output of the lightweight YOLOv4 model and the improved model in fog in concrete surface crack detection.

Original image

Prediction by the Prediction by the
lightweight YOLOv4 model improved model in fog
r [N ]
hrushi glen

-

-

short, this is for calculating the mean value of precision on the 1 X
P-R curve. Egs. 17, 18 are the formulas for AP and mAP, mAP = 1l ZAP(‘I) (18)
respectively. Kt
In this paper, in addition to the mAP, the model size and
_2xPxR (16) computational complexity FLOPs are used to evaluate the model
! P+R compression algorithm. The model’s size is closely related to its
1 parameters, which can be used to measure the simplification of
AP = I p(rdr 17) the YOLOv4 model. FLOPs reflects the calculation amount of the
) algorithm. The unit of FLOPs is GMacs, which is short for Giga
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TABLE 7 | The haze removal results of the concrete surface cracks.

Original image

Multiply-Accumulation operations per second. It represents the
floating-point operations per second, which can reflect the
algorithm’s calculation performance.

RESULTS AND DISCUSSIONS
The Lightweight YOLOv4 Model

To verify the concrete surface crack detection performance of the
lightweight YOLOv4 model proposed in this paper, the
experimental results are compared with those of the original
YOLOv4 model. The detection rate (precision), comprehensive
evaluation value F; and AP are used for evaluation, as shown in
Figure 10.

Figure 10 shows that the detection performance of the
lightweight YOLOv4 model is basically consistent with that of
the original YOLOv4 model, and the curves of the precision, F;
and AP are similar. It can be concluded that there is basically no
loss in performance after the model is simplified. The model size
and FLOPs are used to verify the simplification effect of the
model. Table 4 shows the performance comparison of the
lightweight YOLOv4 model with the original YOLOv4 model
and the YOLOv3 model. Table 4 shows that in the lightweight
YOLOvV4 model, the weight is reduced by 50% and the FLOPs is
reduced by 93.5%. Compared with the YOLOv3 model, the
performance of the lightweight YOLOv4 model has certain
advantages in terms of the mAP, the weight and the FLOPs.
To demonstrate the detection performance of the proposed
model more intuitively, some images shown in Figure 11 were
randomly selected from the database for testing.

Transmittance image

Concrete Crack Detection in Fog

Restoration image

The Crack Detection Model in Fog
To verify the performance of the improved YOLOv4 model when

detecting concrete surface cracks in fog, the lightweight YOLOv4
model and the improved model in fog were trained with the same
experimental conditions, the same foggy database and the same
optimization algorithm. As shown in Figure 12, the precision, F;
and AP are used for evaluation.

Figure 12 illustrates that the lightweight YOLOv4 model does not
perform well in fog, while the improved model performs better. It can
be seen that the AP has a higher improvement, which proves that the
performance of the improved network model in detecting concrete
surface cracks in fog exhibits a certain improvement. The model size
and FLOPs are used to verify the performance of the improved
model. Table 5 shows the performance comparison between the
lightweight YOLOv4 model and the improved model in fog.

Table 5 shows that the improved model in fog is slightly
higher than the lightweight YOLOv4 model in terms of weight
and FLOPs, but has a greater benefit in the mAP than the
lightweight model. In order to more intuitively show the
performance of the improved model in detecting concrete
surface cracks in fog, some images were randomly selected
from the database for testing, as shown in Table 6.

It can be seen intuitively from Table 6 that the detection result of
the lightweight YOLOv4 model in the first image is not accurate, and
some of the crack features are not recognized. The improved model in
fog has a better recognition effect. In the second image, due to the
heavy fog, the thin crack structure and the inconspicuous features, the
lightweight YOLOv4 model fails to make a correct identification,
while the improved network model is accurate. Both algorithms can
correctly detect cracks in the third image. In order to intuitively show
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the effect of crack scene restoration in the middle layer of the
improved model, several test images are selected to illustrate the
effect of haze removal, as shown in Table 7. It can be seen that the
results of restoring the crack structure using this paper’s improved
model are clearer and more obvious than the original fog image,
which is more conducive to feature extraction by the subsequent
lightweight YOLOv4 model.

CONCLUSION

A crack detection method based on the YOLOv4 algorithm is
proposed, which provides a more accurate, efficient and intelligent
method for the detection of cracks on concrete surfaces. A
smartphone is used for collecting 2000 raw images (3,024 x 3,024
pixels) from the surfaces of concrete buildings. To reduce the
computation of the training process, the collected images are
cropped to 256 x 256 pixels. 7,000, 1,000 and 2,000 images are
used for training, validation and testing, respectively. The YOLOv4
architecture described in detail in Section 2.3 was simplified for crack
detection. The lightweight YOLOv4 model achieved an mAP of
96.88% with 121 M and 1.95 GMacs. The results showed that the
proposed method can provide good crack detection results with a
lower trained model weight. In this paper, images taken on sunny
days are manually fogged to build the database. The lightweight
YOLOvV4 model was modified to have better performance for crack
detection in fog, which is described in detail in Section 3.3. The
improved model for crack detection in fog achieved an mAP of
96.50% with 132 M and 2.24 GMacs. The results showed that the
improved method can provide better crack detection results with only
a slightly higher trained model weight. The detection performance of
the proposed model has been improved in both subjective vision and
objective evaluation metrics, and is more effective at detecting
concrete surface cracks in fog.

Though the proposed method in this paper exhibits good
performance, there is still a long way to go for engineering
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Producing concrete with large content of fly ash attracts increasing attention in low carbon
building materials. In this paper, the fly-ash concrete (FAC) with a content of fly ash no less
than 50% total weight of binders was developed. The adaptability of fly ash used for
concrete was firstly examined by testing the water requirement of normal consistency and
the setting time for cement fly-ash paste, and the strengths of cement fly-ash mortar at the
curing age of 7 and 28 days. The factors of water-to-binder ratio from 0.3 to 0.5, the
content of fly-ash from 40% to 80%, and the excitation measures with additional Ca(OH),
and steam curing at initial were considered. After that, the FAC was designed by adding an
excessive content of fly ash to reduce the water-to-binder ratio from 0.50 to 0.26, and the
content of fly-ash varied from 52% to 60%. Results show that the cement fly-ash paste
presented a reduction of water requirement and an elongation of setting time with the
increased content of fly ash. This provides a foundation of maintaining the workability of
fresh FAC with a decreased water-to-binder ratio by adding the excessive content of fly
ash. The cement fly-ash mortar had a lower early strength due to the slow reaction of fly-
ash with Ca(OH),, which could be improved by steam curing at the initial 24 h due to the
excitation of fly-ash activity. At curing age of 28 days, the FAC had the expected axial
compressive strength and modulus of elasticity, but the tensile strength was lower than
predicted. At the curing age of 56 days, all the basic mechanical properties of FAC reached
the prediction. The resistances of FAC to chloride ion penetration and carbonization were
realized at a very high level as specified in codes.

Keywords: concrete with large content of fly-ash, activity of fly-ash, mechanical property, strength development,
chloride ion penetration, carbonization

INTRODUCTION

Fly ash is a by-product of coal combustion in power stations, which presents as tiny grains with a
certain pozzolanic activity. As one of the industrial solid wastes, fly ash has attracted much more
attention on its comprehensive utilization to protect the environment (Wu and Lian, 1999; Choi
et al,, 2015; Amran et al., 2021). Based on its chemical composition, grain fineness, and pozzolanic
activity, fly ash is classified into different types and is most widely used as a mineral admixture of
cement and concrete (Wu and Lian, 1999; Li et al.,, 2013; GB/T1596-2017, 2017). Normally, fly ash
admixed in concrete is no more than 40% of the total binder to improve the workability of fresh mix
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and get a better reliability of concrete, ensuring its strength (Liu
et al., 2013a; Zhao et al., 2013; GB/T1596-2017, 2017; Zhao et al.,
2018; Ding et al., 2020; Liu et al, 2021). Based on technique
specifications (JGJ55-2011, 2011; JGJ/T281-2012, 2012; GB/
T50164-2014, 2014), the limit content of fly ash is 35%-40%
for the concrete with common Portland cement used for
reinforced concrete structures when the water-to-binder ratio
is no larger than 0.40 and should be reduced by 5% when the
water-to-binder ratio is larger than 0.40. In order to control the
early strength and reduce the loss of prestress caused by shrinkage
and creep of concrete, the limit content of fly ash for the concrete
used for prestressed concrete structures should be reduced by
10%-15% on the same condition to reinforce concrete structures.
Because no mineral admixtures are admixed for the Portland
cement, the limit content of fly ash can be increased by 5%-10%
at the same above condition if the concrete is made with Portland
cement.

The decreased strength of fly-ash concrete (FAC) especially
at an early age is a drawback which confined the content of
admixed fly ash. Normally, the FAC with content of fly ash
larger than 30%-40% has an elongated setting time of fresh
mix and presents a lower strength before the standard curing
age of 28 days, although the strength continuously increased
later (Malhotra and Paintert, 1989; Sun G. W. et al, 2019;
Olivia et al., 2019). To solve this problem, excitation measures
for the activity of fly ash have been studied. One is addition of
other alkaline admixtures such as calcium hydrate, sodium
silicate, and calcium carbonate, which makes the crystalline
silicon and aluminum compounds of fly ash converse into
active soluble compounds (Gunasekara et al., 2016; Hefni et al.,
2018; Singh and Subramaniam, 2019; Promsawat et al., 2020).
The second is the admixture of other high-activity admixtures
such as silica fume, nano silica, and metakaolin. This
accelerates the hydrations of both fly ash and cement,
decreases the porosity and total pore volume, and improves
the microstructure of the interface transition zone (Mei et al.,
2018; Nezerka et al., 2019; Anjos et al., 2020). The third is the
grounding of the fly ash into much more fineness. With the
changes in particle morphology and distribution of irregular
grains from broken spherical particles, fly ash behaves with
higher pozzolanic activity and tiny-aggregate filling effect on
the improvement of composite strength (Ma et al., 2021). The
fourth is making of the fly-ash composites at a high-
temperature environment; this accelerates the hydration of
both cement and fly ash (Hefni et al., 2018; Mei et al., 2018;
Singh and Subramaniam, 2019; Yang et al., 2021). However,
some of the measures are debatable due to the lack of
convenience of engineering application, high energy
consumption, and/or low economic benefit.

To achieve economic benefits from effective utilization of fly
ash, studies have been done to improve the applicability of FAC
with large content of fly ash. With the replacement of 50% cement
by fly ash containing 6.49% calcium oxide, the high-fluidity FAC
was made by admixing the superplasticizer and air-entraining
agent; the early strength was ensured by decreasing the water
dosage and increasing the content of binders, and then the
strength at the curing age of 28 days reached the target (Choi
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etal,, 2015). In case of the replacement of 20%-80% cement by fly
ash, the flowability of fly ash cement composites is improved at
paste and concrete level (Thiyagarajan et al, 2018). The self-
compacting FAC with strength around 30 MPa at the curing age
of 28 days was made with the replacement of 50% cement by
class-C fly ash of 14.1% calcium (Wardhono, 2021). The FAC was
produced with the replacement of 50% cement by fly ash
containing 14.6% calcium oxide; the compressive strength was
45 MPa at the curing age of 56 days (Solikin and Setiawan, 2017).
The FACs were prepared with the replacement of 40%-70%
cement by fly ash containing 8.75% calcium oxide. Due to
critical controls of the dilution and the pozzolanic effects of
fly ash on cement hydration, the compressive strength of FAC
was lower at the early age with decreased heat release of
hydration, while it developed faster beyond the curing age of
28 days; the FAC with 40% replacement of cement by fly ash
showed comparable compressive strength to the control
concrete at the curing age of 28 days, while those with 55%
and 70% fly ash reduced by 30.9% and 52.7%, respectively (Sun
J. etal, 2019). By lowering the water-to-binder ratio at 0.2 and
properly combining raw materials, the FAC with adequate
strength and workability was developed even when 80% of the
cement was replaced by fly ash. In this case, the content of fly
ash had no obvious effect on the cementing efficiency of fly ash.
When the content of fly ash further increased, the cementing
efficiency of fly ash decreased significantly. Meanwhile, adding
a small amount of silica fume could improve the mechanical
properties and the penetration performance of FAC (Yu et al.,
2017). The concrete with 56% fly ash of binders was examined
to have good long-term strength development accompanied
with  high resistance of chloride ion penetration
(Sivasundaram et al., 1990). Due to the positive effects of
fly ash on refinement of pores, filling macro pores and
improving the microstructure of the interface transition
zone, the concrete with large content of fly ash behaves
with ideal resistances to chloride ion penetration and
carbonation (Aruhan and Yan, 2011; Li et al., 2014; Amran
et al., 2021).

Generally, the above studies provide a sound foundation for
the understanding of the effect of fly ash on performance of
FAC. In practice, considering the effective utilization of long-
term strength of concrete and the control of early tensile stress
due to the heat release of cement hydration, the large content
of fly ash no less than 40% can be used for the large volume
concrete structures, and the limit content of fly ash can be
taken as 65% for the roller compacted concrete dam (JGJ55-
2011, 2011; JGJ/T281-2012, 2012; GB/T50164-2014, 2014).
However, lack of FAC with large content of fly ash over
50% is applied in reinforced concrete structu