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This article aims to improve the accuracy and predictability of rebound method in compressive strength evaluation of concrete
members of the Yanchong Expressway, which is an important traffic guarantee project for the 2022 Winter Olympics Games in
Zhangjiakou city, Hebei Province, China. For this purpose, concrete specimens were prepared by the mixing ratios of C35, C40,
and C50. First of all, the paper investigated the effects of curing age, types, and dosage of mineral admixtures (fly ash and slag) on
concrete rebound number and compressive strength. Then, the special testing strength curves of 7d and 90d curing age were
proposed. The results showed that the average relative errors of the special testing strength curves were reduced by 35.99% and
20.26% respectively, compared with the national testing strength curve. Fly ash and slag were beneficial to the growth of concrete
rebound numbers but cannot contribute to the growth of concrete compressive strength (except for fly ash single-mixed with 15%
dosage). The present results can provide a significant reference for the compressive strength evaluation and later maintenance of

concrete members of the Yanchong Expressway or other projects with tight construction period in this area.

1. Introduction

Rebound method plays a vital role in not only the quality
control of new concrete construction but also the strength
evaluation of existing concrete structures [1]. The rebound
hammer test is primarily used in common engineering
practice among the nondestructive technique’s procedures
because of its simplicity, speed, and low equipment price
[2-5]. Currently, the most widely used rebound hammers
were developed by the Swiss scientist Ernst Schmidt [6, 7].
The rebound numbers can be obtained from the rebound
when the rebound hammer impacted the concrete surface
with defined energy, reflecting the concrete strength with an
acceptable error [1].

In the last few years, many researchers have investigated
the relationship between rebound number and compressive
strength of concrete in the form of equations and graphs.
The compressive strength regression model is estimated
according to the rebound numbers, which is called a “testing
strength curve” [1]. Pereira and Romdio [8] presented a

power function models relationship between rebound
number and compressive strength, particularly in existing
structures where the strength variation coefficient is ex-
pected to be above 10%. Rashid and Waqas [9] proposed a
second-order polynomial model instead of a power model
with a wide range of outcomes. Samson and Omoniyi [10]
demonstrated that for all grades of concrete, the higher the
rebound number is, the higher the compressive strength is,
and vice versa. However, previous studies also found that the
compressive strength regression model, which is established
by the rebound hammer method, is affected by the concrete
surface (such as the degree of saturation, carbonation,
temperature, and surface finish), type of aggregate and ce-
ment, mix proportions, and curing conditions [1, 11-16].
Nis proposed that the curing methods and duration sig-
nificantly change the compressive strength of the specimens
even in the novel construction materials [17]. Kocab et al. [2]
thought that inaccurate results will be produced if the
general regression model is used to estimate the compressive
strength. Szildgyi et al. [7] objected to directly correlating the
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average rebound number with compressive strength as uni-
variate functions and argued for “a series of multivariate
functions with independent variables of the degree of hydra-
tion, type and amount of cement and aggregate, environmental
conditions, and testing conditions.” Kumavat et al. [11] con-
sidered that the regression models based on the laboratory test
might be valid within their implementation boundaries for
estimating the compressive strength of concrete. Brencich et al.
[4] suggested that the conception of a universal calibration
curve for any concrete does not exist under any conditions.
Thus, some research had been devoted to studying the special
testing strength curve for regional engineering or special
projects. Tan et al. [1] proposed the 28d and 90d testing
strength curves for coral aggregate concrete in specific engi-
neering by rebound hammer. Liu et al. [18] defined the special
concrete strength curves for the Oujiang River Bridge based on
the test results with ZC3-A regular rebound hammer and H450
high-strength rebound hammer. Vatani Oskouei et al. [19]
developed the concrete strength predictive model for concrete
face rockfill dams in Bijar (Gilan province) by analyzing the
relationship between rebound number and compressive
strength. Accordingly, it is quite meaningful to develop a re-
gression model, considering both the rebound number and
compressive strength for a specific project, and to improve the
accuracy of the rebound method in predicting the compressive
strength of concrete structure.

Yanchong Expressway is an important traffic guarantee
project for the 2022 Winter Olympics Games, which is located
in Zhangjiakou city, Hebei Province, China. Zhangjiakou city
is a typical seasonal freezing zone with the minimum tem-
perature of —32°C and the maximum temperature of 42.2°C.
The dual effects of extremely low temperature and freezing-
thawing cycles demands more on the construction quality of
concrete structures. However, the project’s construction pe-
riod is only 28 months, the bridge-tunnel ratio is 56.4%, and
the practical construction period is extremely short. In the
construction process, it is often vital to know the compressive
strength of concrete structures at an early age, which is the
strength to remove the formwork safely, also known as
stripping strength [2]. Based on those studies, the paper
studied the effects of curing age, mineral admixtures content,
and admixing method on the rebound number and com-
pressive strength of concrete. The 7 d and 90 d testing strength
curves for concrete members of Yanchong Expressway were
established according to Technical Specification for Inspec-
tion of Concrete Compressive Strength by Rebound Method,
JGJ/T 23-2011 [20]. The present results can provide a sig-
nificant reference for the accuracy of compressive strength
assessment by the rebound method.

2. Materials and Experiments

2.1. Materials. In this paper, all raw materials of concrete
specimens are the same as those used for concrete members
of the Yanchong Expressway, which are Chinese standard
425# ordinary Portland cement, produced by Hebei Zhuolu
Jinyu Cement Co., Ltd. in China (its basic physical prop-
erties are listed in Table 1); Class F and level-I fly ash, which
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was also produced by Zhangjiakou Jinyu Cement Co., Ltd.;
and S95 grade slag, which was produced by Hebei Jidong
Cement Corporation in China. The basic properties of used
fly ash and slag are listed in Table 2. Fine aggregates with a
fineness modulus of 2.86 and coarse aggregate (diameter
ranging from 5 mm to 20 mm) are local natural sources or
crushed hard limestone. The high-range water reducer used
in the experiment was a superplasticizer based on poly-
carboxylate (FSS-PC) with the water reduction is 27%, which
was supplied by Hebei Qinghua Building Materials Co., Ltd.

2.2. Specimens Preparation. According to Chinese standard
JGJ/T 23-2011 [20], three sets of C35, C40, and C50 concrete
cubes (150 mm x 150 mm x 150 mm) were prepared. In or-
der to investigate the influence of mineral admixtures
content and admixing method on the rebound number and
compressive strength of concrete, specimens were prepared
by changing the dosage of mineral admixtures with C50, and
the mixture proportions are shown in Table 3. The speci-
mens were casted in plastic molds with external vibration for
compacted and demolded 24 h later. After the specimens
were removed from the mold, they were further cured at the
bridge construction site for 7 days, 14 days, 28 days, 60 days,
and 90 days, respectively.

2.3. Test Methods. ZC3-A rebound hammer was used in the
rebound method in this paper, and the rebound hammer test
was conducted according to JGJ/T 23-2011. Each of the two
opposite sides of the specimen were selected for the rebound
hammer test. The specimen was positioned in a DYE-2000
hydraulic press, and a small load (80~100 kN) was applied.
Eight points of each side of the specimen were measured,
and the three maximum and three minimum number were
abandoned, and then the mean of 10 points were counted as
the rebound number. Because the result was affected by the
inclination of the hammer, the rebound hammer was hor-
izontal in all measurements. When each specimen was
completed by rebound method, the specimen was contin-
uously pressurized until it is damaged. Then, the destructive
compressive strength was recorded. Figure 1 shows the
rebound hammer test and compressive strength test of
concrete specimens.

2.4. Verification of Testing Strength Curve. The average rel-
ative error (0) and relative standard error (e,) are used to
verify the applicability of the testing strength curve to the
strength evaluation for practical engineering. The calculation
equations of § and e, are as follows [20]:

1 &S cui
= +- Wl _1{ x 100,
nizzlf(c:u,i
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TaBLE 1: Basic physical properties of used 425# ordinary Portland cement.

. Compressive Flexural
Setting time
. 5 . o 7 strength strength
Cement Specific surface area (m“/kg) Consistency (%) Loss of ignition (%) (min) (MPa) (MPa)

Initial Final 3d 28d 3d 28d
PO 425 375 28.2 2.4 191 241 30.1 54.4 5.7 7.6

TABLE 2: Basic properties of used fly ash and slag.

Mineral Water requirement ~ Water Loss of . 3 — /o o . o . 1. (o
admixtures ratio (%) content (%) ignition (%) Density (g/cm”) ClI” (%) SO; (%) Fineness (%) Free calcium oxide (%)
Fly ash 92 0.25 44 2.54 0.011 0.91 10.6 0.9

Slag 97 0.2 0.75 2.99 0.016 0.15 — —

TaBLE 3: Mixture proportion of concrete specimens (kg/m?).

Mix Cement Sand Coral aggregate Water Fly ash Slag FSS-PC
C35 320 787 1087 156 40 40 4.0
C40 356 735 1103 156 45 45 4.46
C50 392 705 1103 152 49 49 5.88
Slag 15% 416.5 705 1103 152 0 73.5 5.88
C50 Slag 30% 343 705 1103 152 0 147 5.88
Slag 45% 269.5 705 1103 152 0 220.5 5.88
Fly ash15% 416.5 705 1103 152 73.5 0 5.88
C50 Fly ash 20% 392 705 1103 152 98 0 5.88
Fly ash 30% 343 705 1103 152 147 0 5.88
Fly ash 15% + slag 15% 343 705 1103 152 73.5 73.5 5.88
C50 Fly ash 15% +Slag 30% 269.5 705 1103 152 73.5 147 5.88
Fly ash 20% + slag 15% 318.5 705 1103 152 98 73.5 5.88
Fly ash 30% +Slag 15% 269.5 705 1103 152 147 73.5 5.88

()

FIGURE 1: The rebound hammer test and compressive strength test of concrete specimens: (a) rebound hammer test and (b) destructive
compressive strength test.

where § is the average relative error, e, is the relative =~ compressive strength obtained from testing strength curve.
standard error, # is the amount of specimen fabricated, f_,; = According to the specification of JGJ/T 23-2011 (rebound
is the compressive strength value gained from failure = hammer method), the errors of & and e, for special projects
specimen, and f¢ . is the conversion value of the  testingstrength curve are § <12% and e, < 14%, respectively.

cu,i



3. Results and Discussion

3.1. Rebound Number and Compressive Strength of C35, C40,
and C50 Concrete at Various Curing Ages. The influence of
various curing ages on the rebound number and com-
pressive strength of C35, C40, and C50 concrete is presented
in Figure 2.

The results can be drawn from Figure 2 as follows. The
rebound number and compressive strength of different
concrete grades increase with the growth of the curing age.
In different curing stages, the growth rate of rebound
number and compressive strength of concrete is different.
The first curing stage of concrete is as follows (0~7 d): the
growth rate of concrete rebound number and compressive
strength are faster in this period. The rebound number of
C35, C40, and C50 concrete at the curing age of 7d is
40.93 MPa, 44.55 MPa, and 44.46 MPa, respectively, and the
compressive strength is 40.73MPa, 47.92MPa, and
54.82 MPa, respectively, indicating that the concrete has
prominent early strength characteristics. Therefore, the early
curing stage is the main formation period of concrete
strength. More attention should be paid to whether the
curing conditions of concrete members meet the require-
ments at the early curing stages. The second curing stage of
concrete is as follows (7~14 d): the growth rate of concrete
compressive strength is significantly higher than that of
rebound number. The third curing stage of concrete is as
follows (14~28 d): the growth rate of rebound number and
compressive strength of concrete gradually slow down with
the extension of curing age. Compared with the curing age of
7 d, the rebound number of C35, C40, and C50 concrete at
28 d increases by 5.7%, 6.8%, and 9.0%, respectively, and the
compressive strength increases by 18.2%, 18.8%, and 18.8%,
respectively. The fourth curing stage of concrete is as follows
(28~90d): the rebound number of C35, C40, and C50
concrete at the curing age of 90d is 48.26 MPa, 50.30 MPa,
and 51.15 MPa, respectively, and the compressive strength is
55.27 MPa, 59.67 MPa, and 70.31 MPa, respectively. Com-
pared with the third curing stage of concrete, the growth rate
of rebound number and compressive strength continued to
slow down.

3.2. Rebound Number and Compressive Strength of C50
Concrete Single-Mixed with Slag at Various Curing Ages.
Figure 3 shows the rebound number and compressive
strength of C50 concrete single-mixed with slag at various
curing ages.

The results can be drawn from Figure 3 as follows. The
rebound number and compressive strength of C50 concrete
single-mixed with slag dosages of 15%, 30%, and 45% in-
crease with the extension of curing age, and all of them
decrease with the increase of slag dosages. The first curing
stage of concrete is as follows (0~7 d): the rebound number
of concretes single-mixed with slag dosages of 15%, 30%, and
45% is 48.8 MPa, 47.6 MPa, and 44.8 MPa, respectively, at
the curing age of 7d, and the compressive strength is
55.1 MPa, 56.2 MPa, and 49.1 MPa, respectively. The second
curing stage of concrete is as follows (7~14 d): the growth
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rate of concrete compressive strength is significantly higher
than that of rebound number. The third curing stage of
concrete is as follows (14~28 d): the growth rate of rebound
number and compressive strength of concrete gradually slow
down with the extension of curing age. Compared with the
curing age of 7d, the rebound number of concretes single-
mixed with slag 15%, 30%, and 45% at the curing age of 28 d
increases by 3.38%, 2.73%, and 8.47%, respectively, and the
compressive strength increases by 16.62%, 11.11%, and
22.66%, respectively. The fourth curing stage of concrete is as
follows (28~90d): the rebound number of concretes single-
mixed with slag dosages of 15%, 30%, and 45% is 50.8 MPa,
50.2 MPa, and 49.8 MPa, respectively, and the compressive
strength is 67.2 MPa, 65.4 MPa, and 64.6 MPa, respectively,
at the curing age of 90d. Compared with the third curing
stage of concrete, the growth rate of rebound number and
compressive strength of concrete tend to be stable.
Compared with the C50 concrete used in the project, the
rebound number of the concrete single-mixed with slag 15%,
30%, and 45% increases by 9.67%, 7.13%, and 0.92%, re-
spectively, at the curing age of 7 d. The compressive strength
of concrete single-mixed with slag 15% and 30% increases by
0.33% and 2.63%, while the compressive strength of concrete
single-mixed with slag 45% decreases by 10.4%, respectively.
At the curing age of 28 d, the rebound number of concretes
single-mixed with slag 15%, 30%, and 45% increases by
4.06%, 0.87%, and 0.39%, respectively, while the compressive
strength of concrete decreases by 1.52%, 4.02%, and 7.57%.
At the curing age of 90 d, the rebound number of concretes
single-mixed with slag 15%, 30%, and 45% decreases by
0.78%, 1.94%, and 2.64%, respectively, and the compressive
strength of concrete decreases by 4.45%, 7.01%, and 8.15%.
It shows that slag is beneficial to improve the early re-
bound number of concretes, but it has an inhibitory effect on
the compressive strength of concrete. In the later curing
stage, the weakening of the rebound number of concretes
single-mixed with slag is less than the compressive strength.

3.3. Rebound Number and Compressive Strength of C50
Concrete Single-Mixed with Fly Ash at Various Curing Ages.
Figure 4 shows the influence of various curing ages on the
rebound number and compressive strength of C50 concrete
single-mixed with fly ash.

The results can be drawn from Figure 4 as follows. The
rebound number and compressive strength of concrete
single-mixed with fly ash dosages of 15%, 20%, and 30%
increase with the extension of curing age, and all of them
decrease with the increase of fly ash dosages. The first curing
stage of concrete is as follows (0~7 d): the rebound number
of concretes single-mixed with fly ash dosages of 15%, 20%,
and 30% is 46.5 MPa, 46.2 MPa, and 46.1 MPa, respectively,
at the 7d curing age, and the compressive strength is
53.1 MPa, 53.0 MPa, and 53.1 MPa, respectively. The second
curing stage of concrete is as follows (7~14 d): the growth
rate of concrete compressive strength is significantly higher
than that of rebound number. The third curing stage of
concrete is as follows (14~28 d): the growth rate of concrete
rebound number and compressive strength are faster.
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FIGURE 3: Rebound number and compressive strength of C50 concrete single-mixed with slag at various curing ages: (a) rebound number

and (b) compressive strength.

Compared with the 7d curing age, the rebound number of
concretes single-mixed with fly ash 15%, 20%, and 30% at
28 d increases by 8.82%, 7.79%, and 6.18%, respectively, and
the compressive strength increases by 24.80%, 13.90%, and
9.32%, respectively. The fourth curing stage of concrete is as
follows (28~90 d): the rebound number of concretes single-
mixed with fly ash dosages of 15%, 20%, and 30% is 51.2 MPa
and 51.3 MPa at 90 d curing age and 50.8 MPa, respectively,
and the compressive strength is 75.4 MPa, 68.4 MPa, and
63.1 MPa, respectively. Additionally, the rebound number of

the concrete single-mixed with fly ash dosages of 20% and
30% has slightly increased during 60d~90d curing age.
However, there is no significant difference when the fly ash
dosage up to 90 d, and the compressive strength tends to be
stable.

Compared with the C50 concrete used in the project, the
rebound number of the concrete single-mixed with fly ash
15%, 20%, and 30% increases by 4.59%, 3.88%, and 3.80%,
respectively, at 7d curing age; the compressive strength
decreases by 3.10%, 3.17%, and 3.12%, respectively. At 28d
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curing age, the rebound number of concretes single-mixed
with fly ash 15%, 20%, and 30% increases by 4.37%, 2.76%,
and 1.07%, respectively, and the compressive strength of
concrete single-mixed with fly ash dose 15% increases by
1.75%, while the compressive strength of concrete single-
mixed with fly ash dose 20% and 30% decreases by 7.17% and
10.86%, respectively. At 90d curing age, the rebound
number of concretes under each fly ash dosage are equal to
that of the C50 concrete in the project. The compressive
strength of concrete single-mixed with fly ash 15% increases
by 7.24%, and the compressive strength of concrete single-
mixed with fly ash 20% and 30% decreases by 2.68% and
10.25%, respectively.

Therefore, fly ash is beneficial to improve the early re-
bound number of concretes, while the compressive strength
of concrete can be improved only when fly ash content is
15%, which is in good agreement with other studies [14, 21].

3.4. Rebound Number and Compressive Strength of C50
Concrete Double-Mixed with Fly Ash and Slag at Various
Curing Ages. The influence of various curing ages on the
rebound number and compressive strength of C50 concrete
double-mixed with fly ash and slag is shown in Figure 5.
The results can be drawn from Figure 5 as follows. The
growth rate of rebound number and compressive strength of
concrete double-mixed with fly ash and slag dosages of 15%
15%, 15%30%, 20%15%, and 30%15% increase with the
extension of curing age. The concrete specimens, which are
double-mixed with fly ash and slag dosages of 15%30% and
30%15%, have a significant effect on the growth of the early
rebound number and compressive strength of concrete. The
first curing stage of concrete is as follows (0~7d): the re-
bound number of concretes double-mixed with fly ash and
slag dosages of 15%15%, 15%30%, 20%15%, and 30%15% is

45.4 MPa, 42.4 MPa, 46.7 MPa, and 41.7 MPa at 7d curing
age, respectively, and the compressive strength is 53.7 MPa,
49.5 MPa, 56.4 MPa, and 47.2 MPa, respectively. The second
curing stage of concrete is as follows (7~14 d): the growth
rate of concrete compressive strength is significantly higher
than that of rebound number. The third curing stage of
concrete is as follows (14~28 d): compared with 7d curing
age, the rebound number of concretes double-mixed with fly
ash and slag dosages of 15%15%, 15%30%, 20%15%, and
30%15% increases by 7.22%, 13.01%, 3.66%, and 14.32% at
28 d curing age, respectively, and the compressive strength
increases by 10.39%, 20.65%, 7.77%, and 23.35%, respec-
tively. The fourth curing stage of concrete is as follows
(28~90 d): the rebound number of concretes double-mixed
with fly ash and slag dosages of 15%15%, 15%30%, 20%15%,
and 30%15% is 50.9 MPa, 50.4 MPa, 50.9 MPa, and 50.1 MPa
at 90 d curing age, respectively, and the compressive strength
is 63.9 MPa, 64.8 MPa, 65.1 MPa, and 64.4 MPa, respectively.

The rebound number and compressive strength of the
concrete double-mixed with fly ash and slag 15%30% and
30%15% are lower than the C50 concrete used in the project
at 7 d curing age. At 28 d curing age, the rebound numbers of
the concrete at each double-mixed with fly ash and slag
dosages are not much different from that of the C50 con-
crete, while the compressive strength of concrete decreases
by 8.95%, 8.32%, 6.71%, and 10.69%, respectively. At 90d
curing age, the rebound number of concretes under each
double-mixed with fly ash and slag dosages decreases by
0.49%, 1.54%, 0.47%, and 2.15%, respectively, and the
compressive strength decreases by 9.03%, 7.78%, 7.48%, and
8.41%, respectively. Additionally, there is a little difference in
the rebound number and compressive strength of the
concrete at various double-mixed dosages with fly ash and
slag dosages, but the compressive strength of the concrete is
lower than the C50 concrete used in this project.
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FI1GURE 5: Rebound number and compressive strength of C50 concrete double-mixed with fly ash and slag at various curing ages: (a)
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It shows that the compressive strength and early rebound
number of concretes are reduced when the fly ash and slag
double-mixed dosage is greater than 45%. In the fourth
curing stage of concrete, the double-mixed dosages with fly
ash and slag have little effect on the rebound number of
concretes, while the inhibitory effect on the compressive
strength of concrete is more pronounced.

3.5. Testing Strength Curve of Concrete at 7 d Curing Age by
Rebound Method. In order to estimate accurately the
strength of concrete at early curing stage and to adapt to the
construction requirements of actual construction period and
quality control, four functional forms were selected to de-
termine the regression model between rebound number and
compressive strength of concrete at 7d curing age in this
work. The various testing strength curves of concrete at 7d
curing age were obtained (Figure 6), and these model for-
mulas, correlation coefficient (R?), average relative error (6),
and relative standard error (e,) are listed in Table 4.

The error analysis shows that the fitting accuracy of the
four functional forms all meet the requirements of the JGJ/T
23-2011 and exceed the national testing strength curve.
Figure 6(a) shows that the compressive strength estimated
by the power function fitting curve is significantly higher
than the national testing strength curve under the same
rebound number at 7d curing age. The lower the rebound
number is, the greater the difference of compressive strength
that inferred from the two curves is. It indicates that it is
lower than the early compressive strength of concrete es-
timated by the national testing strength curve, which is likely
to cause waste of resources and to affect the construction
period. The suggested testing strength curve formula by

rebound method at 7d curing age can be expressed as
follows:

f5, = 33.65 +10.93 In(R,, — 36.99), (2)

where R, is rebound number of concrete specimens.

The average relative error is 4.2656%. Compared with the
national testing strength measurement curve, the estimation
accuracy is improved by 35.99%. Therefore, equation(2) can
be used as a special testing strength curve by the rebound
method at 7d curing age.

3.6. Testing Strength Curve of Concrete at 90 d Curing Age by
Rebound Method. In order to provide a reference for
evaluating the development of compressive strength of
concrete members from the 7d to 90d curing age, four
functions were selected to fit the rebound number and
compressive strength of concrete specimens. Then, the paper
established a 90 d curing age special testing strength curve.
The various testing strength models of concrete at 90d are
shown in Figure 7, and these model formulas, correlation
coefficient (R?), average relative error (J), and relative
standard error (e,) are listed in Table 5.

Through errors analysis, the testing strength curve
formula for 90d curing age can be expressed as follows:

f¢, = —1752.226 + 115.605R,, — 2.496R>, + 0.0182R’,.
(3)

The average relative error is 4.8544%, which decreases by
20.26% compared to that of the national testing strength
curve. Therefore, equation(3) can be used as a special testing
strength curve at 90 d curing age by rebound method.
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FIGURE 6: The special strength testing curve of concrete at 7 d curing age: (a) curve fitting using power function, (b) curve fitting using linear
function, (c) curve fitting using logarithmic function, and (d) curve fitting using polynomial function.

TaBLE 4: The regression formulas of special testing strength curve at 7d curing age.

Function form Formula R? § (%) e, (%)
National testing strength curve ¢, = 0.025R20108 — 6.6635 8.3229
Power ¢, =0.411RL? 0.62463 45722 5.9515
Linear ¢ =-16.61 +1.61R,, 0.62697 4.5578 5.9211
Logarithmic f<, =33.65+10.93 In(R,, — 36.99) 0.65505 4.2656 5.6321
Polynomial € = —942.90 + 59.44R,, — 1.19R2, + 0.008R, 0.65076 43306 5.6683

3.7. Verification of Testing Strength Curve of Concrete by
Rebound Method. In order to verify the accuracy of the
special testing strength curves at 7d and 90d curing age,
three sets of C35, C40, and C50 concrete cubes
(150 mm x 150 mm x 150 mm) were prepared. The speci-
mens were removed from the mold, and they were further

cured at the bridge construction site for 7 days and 28 days.
The estimation results of equations (2) and (3) are shown in
Tables 6 and 7, respectively.

It can be seen from Table 6 that the maximum relative
error of concrete compressive strength is 3.84%, which is
estimated by the special testing strength curve of 7d curing
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F1GURE 7: The special strength testing curve of concrete at 90 d curing age: (a) curve fitting using power function, (b) curve fitting using linear
function, (c) curve fitting using logarithmic function, and (d) curve fitting using polynomial function.

TaBLE 5: The regression formulas of special testing strength curve at 90 d curing age.

Function form Formula R? § (%) e, (%)
National testing strength curve ¢, = 0.025R20108 — 6.0881 7.4739
Power ¢, = 0.100R.66% 0.67176 4.9355 6.2393
Linear ¢w = —39.521 +2.135R 0.66998 4.9483 6.2498
Logarithmic f&, =380.339 In(0.305 In(R,,)) 0.66466 4.9847 6.2921
Polynomial €. = —1752.226 + 115.605R,,, — 2.496an + 0.0182an 0.67934 4.8544 6.1561

age. It can be seen from Table 7 that the maximum relative
errors of concrete compressive strength are 6.63% and 4.61%
at 7 d and 28 d estimated by the special testing strength curve
of 90d age, respectively. All of those show that the special

testing strength curves of 7d and 90d established in this
work have high accuracy and can assess the compressive
strength of Yanchong expressway concrete members at
various curing ages.
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TaBLE 6: Estimation results of 7d curing age special testing strength curve.
Mix No Curing age  Rebound number Estimation value of compressive Destructive compressive Relative error
) (d) (MPa) strength (MPa) strength (MPa) (%)
1 7 42.1 51.4 49.5 3.84
C35 2 7 39.3 42.8 41.7 2.64
3 7 39.1 41.8 42.5 1.65
1 7 43.1 53.4 51.5 3.69
C40 2 7 44.2 55.2 53.3 3.56
3 7 44.8 56.1 54.8 2.38
1 7 44.6 55.8 57.3 2.62
C50 2 7 44.9 56.3 54.5 3.30
3 7 46.2 57.9 56.8 1.94
TaBLE 7: Estimation results of 90d curing age special testing strength curve.
Mix No Curing age  Rebound number Estimation value of compressive Destructive compressive Relative error
’ (d) (MPa) strength (MPa) strength (MPa) (%)
1 7 42.1 48.9 49.5 1.21
2 7 39.3 40.7 41.7 2.40
C35 3 7 39.1 40.0 42.5 5.88
4 28 42.4 49.5 50.1 1.20
5 28 42.7 50.1 51.3 2.34
6 28 43.8 52.2 52.7 0.95
1 7 43.1 50.9 51.5 1.17
2 7 44.2 52.8 53.3 0.94
C40 3 7 44.8 53.8 54.8 1.82
4 28 48.0 58.8 59.3 0.84
5 28 44.8 53.8 56.4 4.61
6 28 47.9 58.6 59.2 1.01
1 7 44.6 53.5 57.3 6.63
2 7 44.9 53.9 54.5 1.10
C50 3 7 46.2 55.9 56.8 1.58
4 28 48.7 60.1 59.3 1.35
5 28 49.1 60.9 60.3 1.00
6 28 48.5 59.7 60.4 1.16

4. Conclusion

Taking Yanchong Expressway as the research object, this
paper makes an experimental study on the special testing
strength curve for compressive strength evaluation by re-
bound method at 7d and 90d curing age. The main con-
clusions are as follows:

(1) The early curing stage is the main formation pe-

riod of concrete strength. More attention should
be paid to whether the curing conditions of
concrete members meet the requirements at the
early curing stages. In this paper, the compressive
strength of concrete at 7 d can exceed 70% at the
90 d. For Yanchong Expressway or other projects
with tight construction period in this area, the
compressive strength at the age of 7 d can be used
to predict the compressive strength at the age of
90d.

(2) Fly ash and slag are beneficial to the growth of

concrete rebound number but cannot contribute to
the growth of concrete compressive strength (except
for fly ash single-mixed with 15% dosage).

(3) The suggested testing strength curve formula of 7d

curing age by rebound method can be expressed as

¢, =33.65+10.93 In(R,, —36.99). The average

relative error is 4.2656%, the estimation accuracy is

improved by 35.99% compared to the national
testing strength curve.

(4) The suggested testing strength curve formula of 90 d
curing age by rebound method can be expressed as
cu
€ =-1752.226 + 115.605R,,, — 2.496R2, + 0.0182R> .
The average relative error is 4.8544%, which de-
creases by 20.26% compared to that of the national
testing strength curve.
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