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Abstract: Interlayer bonding quality is the key to the stability and durability of dam concrete. In this
study, interlayer splitting tensile strength, relative permeability coefficient, and electric flux of dam
concrete at different temperatures were tested. The relationships between equivalent age and strength
coefficient, relative permeability coefficient ratio, and electric flux ratio were established. Meanwhile,
a comprehensive early-warning and control system of dam interlayer bonding quality based on the
above relationships was proposed. The results showed that the interlayer mechanical properties,
impermeability, and anti-chloride ion permeability of dam concrete decreased with the increase of
temperature. Moreover, the equivalent age was linearly correlated with strength coefficient, relative
permeability coefficient ratio, and electric flux ratio of concrete. The correlation coefficients were
0.986, 0.973, and 0.924, respectively. In addition, the interlayer bonding quality of dam concrete
can be effectively controlled by the early-warning system established according to the relationship
between equivalent age and interlayer properties parameters.

Keywords: dam concrete; interlayer properties; interlayer bonding quality; equivalent age;
early-warning system

1. Introduction

The development of dam construction technology can be divided into artificial, mech-
anized, automatic, digital, and intelligent stage [1]. The intelligent dam proposes a closed-
loop intelligent construction concept based on perception, analysis, and control. Intelligent
dam construction technology includes intelligent concrete leveling [2], concrete vibra-
tion [3], spray [4], early warning (interlayer bonding properties and dam temperature) [5],
water cooling [6], maintenance [7], grouting [8], etc. China’s dam construction has stepped
into an intelligent era from the digital stage [9]. Intelligent construction theories and sys-
tems have been successfully applied to the construction of ultra-high arch dams, such as
Xiluodu (285.5 m), Wudongde (277 m), and Baihetan (279 m).

The Wudongde and Baihetan dam construction areas are of a typical dry hot valley
climate. Extreme weather, such as high temperature, low humidity, strong wind, and
short-time heavy precipitation, occurs frequently in dam construction areas [10]. Under the
coupling effect of strong wind and dry hot climate, the following problems will occur in the
pouring process of concrete mixture: (1) The low bleeding and high evaporation of concrete
affect the hydration process and final hydration degree of cement [11]; (2) Aggregates
whitening and false setting of surface concrete due to water loss (see Figure 1a); (3) Loss of
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water will cause a sharp change in capillary negative pressure value of concrete, and then
cause plastic cracking of concrete [12] (see Figure 1b); and (4) At high temperature, the
early bleeding rate of concrete is greater than the evaporation rate [13], which will lead to a
layer of floating slurry on the surface of concrete (see Figure 1c). The high water-cement
ratio of floating slurry will make the concrete form sparse and porous interlayer weak
zone [14]. It can be seen that the bad weather will lead to the deterioration of the state of
concrete layer. If the above problems cannot be effectively solved, seepage channels may
occur between layers. In addition, there may be cracks and anti-sliding stability problems.

Figure 1. Deterioration of concrete layer performance. (a) Aggregate whitening, (b) dry shrinkage and cracking, and

(c) bleeding (normal concrete).

Many studies have proved the existence of the above problems from macro and micro
levels. Niu et al. [15] investigated the effects of ambient temperature and wind speed on
splitting tensile strength, chloride ion penetration resistance, and pore structure of layered
concrete. The results show that the increase of temperature or wind speed decreased
interlayer splitting tensile strength and chloride ion penetration resistance, and the pore
structure of the concrete becomes rough. Ribeiro et al. [16] studied the influence of relative
humidity of the concrete surface on interlayer tensile strength. The results show that the
effect of relative humidity on strength decreased with the increase of maturity. In addition
to environmental factors, the interval time of concrete pouring also greatly affects interlayer
performance. For example, Karimpour [17] found that the compressive strength and
impermeability of RCC deteriorated with the increase of interval time. Researchers such as
Qian [18] and Qin [19] have found that splitting tensile strength of mortar decreases and
permeability coefficient increases with the increase of interlayer interval time. If interval
time exceeds initial setting time, the pore structure of the concrete at the interface will
tend to be connected and micro-cracks will appear, which will lead to the interlayer bond
strength being lower than the strength of the bulk concrete [20]. Therefore, they suggest
pouring the upper concrete before initial setting of the lower concrete.

The construction quality control of high arch dams covers many aspects, including
the performance of raw materials, control of concrete temperature, operation of large
machinery, pouring, and maintenance of concrete, etc. This research mainly focuses on
the quality control of interlayer bonding in the concrete pouring process. The setting
time method [21], maturity method, and water-strength relationship method [22,23] are
commonly used in the construction of dams to control the interlayer bonding quality.

The setting time method determines the pouring time node of the upper layer concrete
by controlling the setting state of the lower layer concrete. If interval time exceeds the
initial setting time of the lower layer concrete, pouring should be stopped.
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Maturity is a concept that has existed since 1950. At present, this method has been
widely used in various fields, such as hydraulic engineering, construction, and trans-
portation. In the field of construction engineering, the relationship between maturity and
compressive strength was used to judge the time of the mold removal to avoid build-
ing collapse caused by premature demolding [24]. In the process of roads [25,26] and
bridges [27] construction, the relationship between maturity and compressive strength
was mainly used to judge the time node of the road opening to prevent damage to the
road surface caused by premature opening. In addition, the maturity theory has also been
preliminarily applied in the process of hydraulic engineering construction. Li et al. [28]
studied the influence of ambient temperature on the fracture performance of cast-in-place
dam concrete. The relationship between fracture parameters and equivalent maturity of
concrete was established based on maturity theory. Ustabas [29] studied the feasibility of
the weighted maturity method in predicting the compressive strength of dam concrete. The
results show that the weighted maturity method can be used to estimate the compressive
strength of dam concrete at lower hydration temperatures. In addition, the American
Concrete Association Committee recommended that joint maturity be used to control the
quality of RCC horizontal joints [30].

Xu et al. [22] tested the water content and interlayer mechanical properties of layered
concrete under the influence of different environmental factors. Then, the prediction model
of interlayer bonding strength was deduced based on the strength development model and
real hydration degree of concrete. Finally, an interlayer bonding quality control method
based on the moisture content of the lower layer was proposed. The interval time can be
controlled by the concrete water content at the construction site.

The environmental factors of the construction site changed with time, which affected
the hydration process of the cement. Therefore, it is difficult to accurately test the setting
time of concrete. In addition, the relationship between setting state and the strength of the
concrete has not been established. In conclusion, the application of setting time method
in the field needs to be further studied. Although the maturity method establishes the
relationship between concrete maturity and compressive strength, compressive strength is
not the most direct index to reflect the interlayer bonding quality of concrete. Although the
water-strength method established the relationship between the water index and interlayer
mechanical properties, the applicability of this method in the case of concrete bleeding was
not considered. In addition, as a water retaining structure, the interlayer bonding quality
should be controlled comprehensively from the aspects of interlayer mechanical properties
and impermeability. Because the interlayer mechanical properties and impermeability are
the key indexes affecting the stability and durability of the dam.

The current dam construction process is very random and lacks a method that can
automatically collect on-site construction information (such as meteorological data, concrete
parameters, construction methods, etc.) and achieve interlayer bonding quality control. The
interlayer bonding quality control method of dam concrete should establish the relationship
between the key parameters of the lower concrete and interlayer performance to determine
the specific construction node. In view of the shortcomings of above methods, the tests of
interlayer splitting tensile strength, relative permeability coefficient, and electric flux of
concrete at different temperatures were carried out, respectively. Then, the relationship
between equivalent age and interlayer strength coefficient, relative permeability coefficient
ratio, and electric flux ratio were established according to maturity theory. Finally, the
control index of interlayer bonding quality was put forward according to the guaranteed
rate of strength, permeability resistance, and chloride ion permeability resistance. In
addition, a comprehensive control system of “monitoring-analysis-feedback-processing”
has been established. This system realizes effective monitoring of quality parameters of the
dam during concrete pouring and real-time warning of performance indexes. Furthermore,
effective treatment measures were put forward for possible construction risks, which can
guide the construction in concrete pouring and ensure the quality of interlayer bonding to
meet the design requirements. The interlayer bonding quality control method proposed
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in this paper has been successfully applied in the Wudongde dam (see Figure 2a) and the
Baihetan dam (see Figure 2b). The locations of the two dams are shown in Figure 3.

@ (b)

Figure 3. The location of the dams.

2. Experimental Procedure
2.1. Raw Materials

The physical properties and chemical components of cement were provided by the
manufacturer, which are shown in Table 1. The mix proportion of concrete is shown in
Table 2. The water-cement ratio is 1.07. The apparent density of artificial sand (crushed
basalt) is 2780 kg/m?3. The coarse aggregate is crushed basalt with a particle size range
of 5-20 mm. In addition, polycarboxylic acid superplasticizer was used to maintain the
fluidity of concrete, and the water reduction rate was about 19%.



Materials 2021, 14, 5192

50f 16
Table 1. Properties of cement and fly ash.
Properties Cement Fly Ash

510, 23.24 50.6

Al,O4 4.07 271

Fe203 3.02 7.1

Chemical composition CaO 61.64 45

(% by mass) MgO 4.74 1.2

SO3 2.05 0.3

Alkali content 0.45 1.3

Loss on ignition 1.08 44
C3S 324 -
Mineral composition CaS 475 )
(% by mass) CsA 0.2 .
C4AF 14.6 -
Gypsum 3.5 -

. . Specific gravity (g/cm?) 3.20 1.8

Ph 1 t
ysical properties Specific surface (m?/kg) 319 -
Compressive strength 7 days 21.3 -
(MPa) 28 days 484 -
Table 2. Mix proportion of concrete (kg/m?).
Artificial Coarse Super- Air-Entraining
W/B  Cement  Fly Ash Sand Aggregate  Plasticizer Agent
0.48 100 123 777 1323 1.596 0.0798

(a)

Figure 4. (a) Pouring lower layer concrete; (b) putting in the environmental chamber, and (c) pouring upper layer concrete.

2.2. Specimen Preparation

Concrete specimens were poured in three steps. First, the lower concrete (half height
of the mold) was poured. Then, the specimens were placed in environmental chambers
(temperatures of 20, 30, and 40 °C, and relative humidity of 30%). After 6 h, the specimens
were taken out of the environmental chambers, and the upper layer of concrete was poured
(Figure 4). All specimens were placed in an indoor environment (20 £ 2 °C, relative
humidity 50%) for 24 h before demolding. After demolding, the specimens were put into
the standard curing room (20 % 2 °C, relative humidity of 95%). The properties of concrete
were tested after 28 days.

(b) (©)

There were three types of molds: cube (150 mm x 150 mm x 150 mm), truncated cone

(upper diameter of 175 mm, lower diameter of 185 mm, height of 150 mm), and cylinder
(100 mm x 200 mm). Cube specimens were used for splitting tensile strength test,
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truncated cone specimens were used for relative permeability coefficient test, and cylinder
specimens were used for electric flux test. Six samples were prepared for each analysis.

The specimens were divided into four groups. The numbers of concrete specimens
were C0, T20, T30, and T40, respectively. CO represents the bulk concrete, and the other
groups are layered concrete.

2.3. Experimental Methods
2.3.1. Splitting Tensile Strength Test of Concrete

The splitting tensile strength test of concrete was carried out according to the Chinese
standard DL/T 5150-2017 [31]. First, the specimen was placed in the center of the pressure
plate under the pressure testing machine. Then cushion strips were placed between the
upper and lower pressing plates and the test specimen (the placing direction of the cushion
strip was horizontal with the layer, see Figure 5). The loading rate was 0.04~0.06 MPa/s.
The calculation formula of splitting tensile strength of concrete is as follows:

2P p
= — =0.637— 1
f ts TA A ( )
where fis is splitting tensile strength of concrete (MPa); P is peak load; and A is cross-
sectional area of the cube specimen. The average of six test specimens was taken in

each group.

==

|
3
]

| g “ £
| E g
< a (= ~ i =3
S - S
on en
150 mmf]SO mm 150 mmflSO mm
1 1

Figure 5. Splitting tensile strength test of concrete.

2.3.2. Concrete Relative Permeability Test

The relative permeability test of concrete was carried out according to the Chinese
standard DL/T 5150-2017 [31]. The main purpose of the test was to determine the water
seepage height of the concrete under constant water pressure and calculate the relative
permeability coefficient. First, the specimens after standard curing for 28 d were placed
in impermeable testing machines. Then, a stable pressure value of 0.8 MPa was loaded
and maintained for 24 h. Finally, the specimen was split along the longitudinal section
and the seepage height was recorded. The relative permeability coefficient is calculated
by Equation (2).

aD?,
= o1 @)
where K, is the relative permeability coefficient, mm/h; a is the water absorption rate
of concrete, generally 0.03; Dy, is the average height of water seepage, mm; ¢ is constant
pressure time, h; and H is water pressure, expressed by the height of water column, mm
(1 MPa water pressure, expressed as 102,000 mm in water column height).

K,

2.3.3. Resistance to Chloride Ion Penetration Test (Electric Flux Method)

The rapid chloride ion penetration test of concrete was carried out in accordance with
Chinese national standard GB/T 50082-2009 [32]. The direct current flux method is the
standard test method for the resistance of concrete to chloride ion penetration. First, a



Materials 2021, 14, 5192

7 of 16

60 V direct current was applied between the electrodes, and the current was used at the
beginning of the test for 1 min as initial current Iy. Then the test data were recorded every
30 min for 6 h. The calculation formula of electric flux is as follows:

Q =900(Ip +2I3p + 2Igp + ... + 2L + ... 4+ 2I300 + 2330 + I360) 3)

where Q is total electric flux (C) passing through the specimen; Iy is initial current (A); and
I; is current at time .

The electric flux test method is shown in Figure 6. Chloride ions move to the positive
electrode through the concrete specimen under the action of DC voltage. Measuring the
amount of electric charge passing through the concrete which can indirectly reflect the
ability of the concrete to resist the penetration of chloride ions.

7
—

©

3

Figure 6. Schematic diagram of electric flux test device. 1. DC power supply. 2. Test tank. 3. Rubber

mat. 4. Concrete specimen. 5. Sodium chloride solution (concentration 3%). 6. Sodium hydroxide
solution (0.3 mol/L). 7. Electric resistance.

3. Results and Discussion
3.1. Interlayer Properties
3.1.1. Splitting Tensile Strength

Figure 7 shows the change of interlayer splitting tensile strength of concrete at different
temperatures. First, the interlayer mechanical properties decreased with the increase of
temperature. The splitting tensile strength of CO was 2.05 MPa. The interlayer splitting
tensile strength of layered concrete at 20, 30, and 40 °C was 1.63 (T20), 1.18 (T30), and
0.83 MPa (T40), which was 21%, 44%, and 56% lower than bulk concrete (C0). In general,
high temperature is harmful to interlayer splitting tensile strength of concrete.

g
[

Bulk
concrete

Interlayer splitting tensile strength (MPa)

T30

Groups of concrete

Figure 7. Splitting tensile strength test results.
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3.1.2. Relative Permeability Coefficient

Figure 8 shows the change of relative permeability coefficient of concrete at different
temperatures. The relative permeability coefficients of layered concrete were larger than
that of the bulk concrete. In addition, with the increase of temperature, the relative
permeability coefficient of concrete shows an upward trend. Meanwhile, compared with CO0,
the relative permeability coefficients of T20, T30, and T40 are 1300, 1680, and 2320 times the
bulk concrete, respectively. In general, the interlayer impermeability gradually deteriorated
with the increase of temperature. The main reason for this phenomenon may be that the
rise of temperature accelerates the evaporation of water in concrete. The lack of water
reduces the hydration degree of cementitious materials and roughens the pore structure of
lower concrete. The increase and interconnection of harmful pores eventually lead to the
increase of the relative permeability coefficient [15].

_ 2.0E-03

o

'E Bulk 1.63E-03

g IGE-03 ! u concrete y

5

8

2

£ 12B03 F

Q

(5]

B

E 8.0B-04}

Q

E

(5]

[=¥

2 40E-04]

=

& 4.38E-07
0.0E+00 ;

Co

Groups of concrete

Figure 8. Relative permeability coefficient test results.

3.1.3. Resistance to Chloride Ion Penetration

The results of electric flux test are shown in Figure 9. The first rule obtained was that
electric flux of layered concrete (T20, T30, and T40) was higher than that of bulk concrete
(CO0). Furthermore, the electric flux increased with the increase of temperature. For example,
the electric flux of layered concrete at 20, 30, and 40 °C (T20, T30, and T40) was 10%, 26%,
and 30% higher than that of the bulk concrete (C0), respectively. In general, the interlayer
resistance to chloride ion penetration deteriorates with the increase of temperature.

4000 ;
Bulk !
| Layered concrete
concrete ! 130%
3000 - | +26%
O 1
= |
B |
= -
22000 - H
L 1
= |
9 1
2 I
m |
1000 - I
1
1
|
1
0 1
Co

Groups of concrete
Figure 9. Electric flux test results.

3.2. Interlayer Bonding Quality Control Method

At the dam construction site, it is necessary to determine the decisive parameters
affecting the interlayer bonding quality. Then establish the relationship between the
parameters and the interlayer mechanical properties, impermeability, and chloride ion



Materials 2021, 14, 5192

9o0f 16

Problem

_ 1. Concrete water loss, aggregate whitening, bleeding, false

Perception

Analysis

Control

|

Objective

111

permeability. Thus, the judgment basis of interlayer bonding quality suitable for the
construction site is obtained.

The closed-loop control system of dam interlayer bonding quality includes problem,
perception, analysis, control, and objective (see Figure 10). In the process of dam pouring,
the problem is that the bad environment leads to the deterioration of concrete interlayer
performance. In order to solve this problem, it is necessary to determine the perception
parameter and perception method. In this study, the equivalent age of the lower concrete
was determined as the perception parameter. Finally, the interlayer bonding quality of the
dam is made to meet the design requirements by controlling the equivalent age.

setting, etc.

1. Determination of perception parameter (equivalent age of lower layer concrete).

2. Determination of perception method (weather station).

1. Effect of temperature on interlayer mechanical properties.
2. Effect of temperature on interlayer impermeability.

3. Effect of temperature on chloride ion penetration resistance.

1. Interlayer bonding quality control method of concrete based on equivalent age
(establishing the relationship between equivalent age and interlayer bonding

strength, water permeability resistance, and chloride ion permeability resistance).

1. Good interlayer bonding quality.

Figure 10. Interlayer bonding quality closed-loop control system.

In order to effectively control the key parameters of the dam pouring quality, it is
necessary to monitor the concrete temperature in real time. The main functions of the dam
interlayer bonding quality control system include: (1) information monitoring; (2) when
the key parameter exceeds the warning value, the system will automatically push the
warning information to the construction personnel, supervisors and owners, and propose
effective treatment measures—in addition, a real-time feedback mechanism needs to be
established to close the early-warning information; and (3) statistical analysis of early-
warning information.

3.2.1. Data Collection

Data acquisition is the basis of the dam interlayer bonding quality control system.
The data acquisition function can provide basic data guarantee for information query,
information processing, and operation analysis in the system. Firstly, the collected original
data are preliminarily screened to eliminate invalid data and duplicate data. In addition,
duplicate data submitted due to hardware logic problems or acquisition program problems
should be filtered, such as the same data submitted by the same machine at the same
time point.
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The data acquisition module is mainly based on the data of concrete initial temperature,
pouring temperature, interval time, and water content in the intelligent construction
information management platform of the dam project. In addition, in order to deal with
the construction risks that may be faced during the concrete pouring process, it is also
necessary to monitor meteorological information, such as ambient temperature, relative
humidity, wind speed, and light intensity. Meteorological information is mainly monitored
by weather stations (see Figure 11a). In the concrete vibrating process (see Figure 11b), it is
necessary to monitor the paving thickness and vibration quality to prevent the phenomenon
of leakage and under-vibration.

~(b)

Figure 11. (a) Small weather stations, and (b) concrete paving and vibration.

Data acquisition needs to comply with the following requirements: (1) data collec-
tion needs to be real-time, accurate, and comprehensive; (2) automatic data collection is
independent and complete, and can be operated directly without other system modules;
and (3) the automatic data collection system must back up the original data collected and
ensure that data will not be lost when there is a problem with the network.

3.2.2. Early-Warning Threshold

Freiesleben [33] proposed an equivalent age calculation method (Equation (5)) based
on the Arrhenius Equation (4).

Kr = A-exp(—%) 4)

where Kr is the reaction rate constant; A is the frequency coefficient; E, is the appar-
ent activation energy (kJ/mol), when the temperature is greater than or equal to 20 °C,
E, = 33.5 kJ]/mol; R is the gas constant (8.314 J-mol K~ 1); and T is the thermodynamic

temperature (K, 273 °C).
t_/tx B (1_1 5)
T JPIRA\T, T

where t, is equivalent age; and T, is the absolute temperature at 20 °C (293 K). When
calculating the equivalent age of the lower concrete, the upper limit of the integral is the
interval between layers.

(1) The Relationship between Equivalent Age and Strength Coefficient

The strength coefficient of concrete can be calculated according to Equation (6). Since
the bulk concrete has no interlayer interval, its equivalent age is 0 and the strength coeffi-
cient is 1. The relationship curve between the equivalent age of concrete and the strength
coefficient is shown in Figure 12.

F/Fy = As (6)
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where F is the interlayer splitting tensile strength; Fy is the strength of bulk concrete; and
Ags is the strength coefficient [23].

As = —0.04-t, +1 (R* = 0.986) @)
1.0 b y=—0.0424x + 1.0107 g4 Tested value
R?=0.986 Fitted curve
0.9

Yellow warning node
4, =80%, 1,= 4.7

I
=]
T

Orange warning node
A, =70%, t,=7.1

[=1
(=)}

Strength coefficient / 4,
(=}
~

e
W
T

1N
IS
T

-2 0 2 4 6 8 10 12 14 16

Equivalent age / ¢,

Figure 12. Relationship between the equivalent age and the strength coefficient.

The strength coefficient of low-heat cement concrete is linearly negatively correlated
with the equivalent age, and the correlation coefficient is 0.986.

According to the relationship between the equivalent age and the strength coefficient,
the strength coefficient can be controlled to 0.8, 0.7, and 0.6, respectively, and the corre-
sponding equivalent ages are 4.7, 7.1 and 9.7 h. This indicates that if the interlayer splitting
tensile strength is to be controlled within 80%, 70%, or 60% of the strength of bulk concrete,
the equivalent age of the lower layer concrete should be controlled within 4.7, 7.1, or 9.7 h,
respectively. If the equivalent age exceeds the corresponding control value, the interlayer
bonding strength will not meet the control requirements.

(2) The Relationship between the Equivalent Age and the Relative Permeability
Coefficient Ratio

The relative permeability coefficient ratio can be calculated according to Equation (8):
Ky /Kvg = Kir (8)

where K; is the relative permeability coefficient of layered concrete; K, is the relative perme-
ability coefficient of the bulk concrete; and K, is the relative permeability coefficient ratio.

According to the relationship between the equivalent age and the relative permeability
coefficient ratio (see Figure 13), the relative permeability coefficient ratio can be controlled
to 500, 1000, and 1500, respectively, and the corresponding equivalent ages are 2.3, 5.4,
and 8.6 h. This indicates that if the relative permeability coefficient between layers is
controlled to be 500, 1000, or 1500 times of the relative permeability coefficient of the bulk
concrete, the equivalent age of the lower layer concrete should be controlled within 2.3, 5.4,
or 8.6 h, respectively.

(3) The Relationship between the Equivalent Age and the Electric Flux Ratio

There are two methods to test the chloride ion penetration resistance of concrete,
which are the fast chloride ion migration coefficient method [34,35] and the electric flux
method [36]. Electric flux is a parameter to evaluate the resistance of concrete to chloride
ion penetration. Chloride ions will move to the positive electrode through the concrete
specimen under the action of voltage. Therefore, the chloride penetration resistance of
concrete can be indirectly reflected by the charge of concrete in a specific time. The more
charge passing through concrete per unit time, the worse the chloride penetration resistance
of concrete.
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The electric flux ratio can be calculated according to Equation (9):
C/Cy=0C )

where C is electric flux of layered concrete; Cy is electric flux of bulk concrete; and C; is
electric flux ratio.

2500 |

553
[=3
(=3
(=}

1500

1000

w
[=3
(=}

Relative permeability ratio / K,

Yellow warning node
ol o [K.=500,=23

20 2 4 6 8 10 12 14 16

Equivalent age / ¢,

Figure 13. Relationship between the equivalent age and the relative permeability coefficient ratio.

According to the relationship between equivalent age and electric flux ratio (see
Figure 14), the electric flux ratio can be controlled to 1.1, 1.2, and 1.3, respectively, and
the corresponding equivalent ages are 4.6, 9.6, and 13.7 h. This indicates that if electrical
flux of layered concrete is controlled to be 1.1, 1.2, or 1.3 times of electric flux of bulk

concrete, the equivalent age of lower layer concrete should be controlled within 4.6, 9.6, or
13.7 h, respectively.

1.4

—_
w

—
S}

Yellow warning node
C.=1.1,1,=46

Electricity flux ratio / C,
5 =
T

y =—0.022x + 0.9993
M R?=0.9243

ot
N=)

08 1 1 1 1 1
-2 0 2 4 6 8 10 12 14 16

Equivalent age / ¢,

Figure 14. Relationship between the equivalent age and the electric flux ratio.

3.2.3. Early-Warning System

Interlayer bonding strength, water permeability resistance, and chloride ion perme-
ability resistance of dam concrete can be controlled in accordance with the relationships
between the equivalent age and the strength coefficient, the relative permeability coefficient
ratio, and the electric flux ratio (see Table 3).
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Table 3. Early-warning threshold of interlayer bonding quality.

. Corresponding Early-Warning Treatment
Types of Early Warning Control Parameters Control Index Equivalent Age Level Measures
0.8 47 (].Equlvalept age>47h, pu sh early-warning Yellow Increase spray volume
information to construction personnel)
Early warning o 7.1. (]quulve;.lenttage > Z.l hg.push early—vx;arn(;ng o Cover heat insulating
of interlayer bonding Strength coefficient : 1IOrMAation to construction personnet an range material
strength supervisors)
A 9.7 (Eqplvalent age > 9..7 h, push early—warm‘ng Surface remodeling or
0.6 information to construction personnel, supervisors, Red .
treated as cold joint
and owners)
500 23 (].Equwalept age>23h,p " sh early-warning Yellow Increase spray volume
information to construction personnel)
I 1000 5.4. (];unlvai'lenttage > 5t.4 h{.pUSh early-vxlfarncllng o Cover heat insulating
. ¥ 8§ Relative permeability ratio information to construction personnel an range material
of interlayer impermeability supervisors)
. 8.6 (qulvalent age > 8..6 h, push early-warm.ng Surface remodeling or
1500 information to construction personnel, supervisors, Red .
treated as cold joint
and owners)
11 4.6 (I'Equlvaleyt age>4.06h, p}lsh early-warning Yellow Increase spray volume
information to construction personnel)
Early warning of interlayer 9.§ (Equlva.lent age >9.6 h,.push early-warning Cover heat insulating
: P . . 1.2 information to construction personnel and Orange .
resistance to chloride ion Electric flux ratio . material
penetration supervisors)
.13.7 (qulvalent age > 1.3.7 h, push early—wan.ung Surface remodeling or
1.3 information to construction personnel, supervisors, Red

and owners)

treated as cold joint
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The early-warning thresholds were determined according to the early-warning model
established in Figures 9-11. Then, the warning information that meets the warning thresh-
old was pushed to the corresponding responsible person according to its importance (see
Table 3). For example: (1) push the yellow warning information to the construction per-
sonnel on site; (2) push the orange warning information to the construction personnel and
the supervisor, respectively; and (3) push the red warning information to construction
personnel, supervisors, and owners, respectively. When the relevant responsible personnel
receive the warning information, the concrete will be treated according to the treatment
plan corresponding to the warning level. After the completion, the supervisor will close
the warning information.

The early-warning system realizes the transmission, analysis (data anomaly analysis
and change trend analysis), statistics (final equivalent age statistics and early-warning
information quantity statistics), query, and other functions of pouring quality monitoring
data. Among them, the trend analysis is to calculate the equivalent age according to the
measured temperature of concrete and then draw the corresponding curve according to the
relationship between the equivalent age and time. The reasons for the decrease of concrete
interlayer bond strength can be found out by data analysis based on the change curve of
equivalent age and environmental information. The final equivalent age statistics function
can realize the statistics of the final equivalent age of each layer of concrete. The warning
information quantity statistics function can collect statistics on the amount of warning
information pushed in any period of time.

4. Conclusions

Based on the test results of interlayer mechanical properties, impermeability, and
chloride ion permeability of concrete at different temperatures, the following conclusions
are obtained:

(1) Increasing ambient temperature will reduce the mechanical property of concrete. On
the contrary, the relative permeability and electric flux increase with the increase
of temperature. It shows that the mechanical properties, impermeability, and anti-
chloride ion permeability of concrete will deteriorate with the increase of temperature;

(2) The equivalent age of lower concrete has a good linear correlation with strength coef-
ficient, relative permeability coefficient ratio; and electric flux ratio. The equivalent
age has a linear negative correlation with strength coefficient, and the correlation
coefficient is 0.986. The equivalent age is linearly positively correlated with relative
permeability coefficient ratio and the electric flux ratio, and correlation coefficients
are 0.973 and 0.924, respectively; and

(3) Itis feasible to use the equivalent age to control the interlayer bonding quality of dam
concrete. This method can effectively monitor the quality parameters of dam concrete.
In addition, the dam interlayer bonding quality early-warning system can effectively
deal with the possible construction risks and ensure the interlayer bonding quality.

The interlayer bonding quality control method has been applied in the dam construc-
tion process. This method is effective for the control of interlayer bonding quality. In the
future, it is planned to introduce the influence factors of humidity and wind speed into the
calculation equation of equivalent age to deal with the interlayer bonding quality control
of concrete under complex environmental conditions.
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