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Abstract: Non-destructive testing has many advantages, such as the ability to obtain a large number
of data without destroying existing structures. However, the reliability of the estimation accuracy and
the limited range of applicable targets remain an issue. This study proposes a novel pin penetration
test method to determine the early-age compressive strength of concrete before demolding. The
timing of demolding and initial curing is determined according to the strength development of
concrete. Therefore, it is important to determine the compressive strength at an early age before
demolding at the actual construction site. The applicability of this strength estimation methodology
at actual construction is investigated. Small test holes (12 mm in diameter) are prepared on the mold
surface in real construction sites and mock-up specimens in advance. The pin is penetrated into
these test holes to obtain the relationship between the compressive strength and the penetration
depth. As a result, it is confirmed that the pin penetration test method is suitable for measuring the
early-age compressive strength at the actual construction site. This allows the benchmark values for
compressive strength, necessary to avoid early frost damage, to be directly verified on the concrete
structural members at the construction site. For instance, the compressive strengths of greater than
5 MPa and 10 MPa can be confirmed by the penetration depths benchmark values of 8.0 mm and
6.7 mm or less, respectively.

Keywords: compressive strength estimation; pin penetration test; non-destructive test; on-site test;
demolding; early-age compressive strength; cold weather concreting

1. Introduction

It is important to determine the early-age compressive strength at the actual construc-
tion site when concrete work is executed in cold weather conditions to prevent early-age
frost damage. Most of the international norms and guidelines for cold weather concreting
are recommending to obtain at least 5 MPa strength before exposing concrete to early-age
freezing. However, there are no suitable methods available for the measurement of low-
strength concrete at a very early age, in particular before demolding at the construction
site. As well known, cement hydration is quite sensitive to temperature, and strength
development would be delayed at low temperatures [1]. The mold provides an important
protection function against low temperatures for early-age concrete. Therefore, it is de-
sirable to extend the period during which the concrete mold remains in place as much as
possible to ensure sufficient initial curing. Japanese Architectural Standard Specification
for Reinforced Concrete Works, JASS 5 [2], provided by the Architectural Institute of Japan,
specifies that the period where the mold remains in place shall be controlled by strength.
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JASS 5 requires the removal of the mold after confirming that the compressive strength of
the structural concrete attains specific criteria depending on the planned service life. In the
case of the ‘short-term’ and ‘standard’ service life level, the compressive strength should
be 5 N/mm? or more for demolding. In the case of the ‘long-term” and ‘extra-long-term’
service life level, the compressive strength should be 10 N/mm? or more. In the case of cold
weather concreting, the recommendation for the practice of cold weather concreting [3,4]
and its commentary also require initial curing until the compressive strength exceeds
5 N/mm? in order to avoid initial frost damage.

As mentioned above, the timing of demolding and initial curing is determined ac-
cording to the strength development of concrete. However, because compressive strength
is obtained by compressive strength tests using test pieces, it undergoes different curing
conditions from the structural concrete placed in the mold. To obtain the compressive
strength of the actual structural concrete, it is desirable to take cores from the hardened
structure and test them, which is destructive. However, it is challenging to take cores
from unmatured concrete members before demolding. In addition, conducting a com-
pression test is not easy to do at the construction site, and it is unavoidably costly in
terms of time and economics, such as transportation to the testing location and the testing
procedure itself.

There are various non-destructive testing (NDT) methods available for the assessment
of the in situ concrete strength. Non-destructive and micro-destructive testing methods for
estimating the compressive strength of concrete have been studied extensively, and many
methods have been put into practical use and standardized. The most commonly used
NDT methods are a rebound hammer test [5-8] and ultrasonic pulse velocity [9-15]. A
combination of those methods [16-18] is also widely used to evaluate the existing concrete
structures. However, most of them have been applied to the concrete surface to estimate
the internal mechanical properties (compressive strength). Any of those methods are
only applicable for the existing or hardened concrete structures but not applicable to the
unmatured concrete structures before demolding. The target concrete of these NDTs is
post-cured concrete or structures that have deteriorated over time, and there are not enough
tests available for young concrete, especially before demolding.

Non-destructive testing has many advantages, such as the ability to obtain a large
number of data without destroying existing structures on a large scale [19]. However, the
reliability of the estimation accuracy remains an issue. For example, the rebound hammer
test is an extremely simple test method and has been standardized in Japan as JIS A 1155 [20],
which is modified from ISO 1920-7 [21]. However, the method of estimating strength from
the degree of rebound is not included in these standards due to a unified calculation method
for estimating strength from the degree of rebound has not been obtained [22-25].

There are several studies that investigated the NDT methods to use for alternative
assessment of in situ concrete strength. Gunes et al. [26] have studied the drilling-based test
methodology for non-destructive estimation of in situ concrete strength and carried out to
develop a relationship between the drilling resistance parameter and compressive strength.
However, they concluded that the most accurate estimations for strength are obtained when
the drilling resistance measurements are combined with rebound hammer or ultrasonic
pulse velocity measurements as additional NDT data. Al-Sabah et al. [27] investigated the
post-installed screw pull-out test for the assessment of the compressive strength of in situ
concrete, and they found that the correlation between the compressive strength of mortar
and the peak load was significant. In addition, one of our previous studies [28] investigated
the screening method to evaluate the low-strength concrete using the combination of two
low-energy non-destructive testing devices, a type L rebound hammer and a scratching
test. As a result, a concrete classification chart is proposed based on the boundary values of
two NDT methods, and it provides a concrete strength range via a classification chart and a
conservative estimate of the compressive strength. Nguyen et al. [29] studied the simple
non-destructive method for evaluating the cover concrete quality, and they concluded that
the water intentional spray test method could sensitively detect the poor-quality concrete
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caused by a high water—-cement ratio and short curing time. However, all NDT methods
mentioned here were performed on the surface of concrete; it is difficult to apply it directly
to concrete before demolding when the surface has not yet been exposed.

The mold plays a role in protecting the concrete from external stimuli and ensuring
its quality, and it is undesirable to remove even a part of the mold for the purpose of
confirming the strength of young-aged concrete. A proposal to estimate the strength of the
concrete with mold has been considered. In the BOSS (Broken Off Specimens by Splitting)
specimen method [30] shown in Figure 1, which has been standardized in Japan as JIS A
1163 [31], concrete is poured into the mold with the mold for the BOSS specimen installed in
advance to obtain a specimen that has hardened in the same environment as the structural
concrete. By performing a compressive test on this BOSS specimen, strength estimation can
be performed with high accuracy. However, there are some problems with the simplicity of
the test, such as the fact that the compressive test cannot be performed at the construction
site, the need for repair after demolding, and the limited number of specimens.

Splitting plate
(a thickness of 6 mm)

100
55
f

BOSS specimen
Structure

A

%
200 100 J

Figure 1. Non-destructive testing method. BOSS specimen [30].

The strength of concrete generally depends on the strength of the hardened cement.
Therefore, a non-destructive testing method called the penetration resistance method has
been proposed [32-35], in which pins or needles are inserted into the mortar portion of
concrete, and the strength is estimated from the penetration depth. Maliha et al. also used
the same pin penetration device used in this study; they obtained a correlation between the
penetration depth and compressive strength but confirmed that it was affected by coarse
aggregate [34]. Conversely, if the influence of coarse aggregate can be eliminated, strength
estimation can be performed with higher accuracy. For example, the accuracy of strength
estimation for mortar without coarse aggregate is high, and there are also standardized
methods for strength estimation, such as shotcrete [35].

In addition, a method called ‘smart sensor mold’, in which a mold is equipped with
a sensor that can measure the surface temperature history of concrete, etc., has been
proposed to confirm the development of standard strength at demolding [36,37]. However,
this method cannot be applied to conventional mold easily because it requires the use of a
mold with special devices.

Based on the above backgrounds, this study proposes to use the pin penetration
test method to determine the early-age compressive strength before demolding. There
are two main advantages of this method that is reason to use in this study. First, the
proposed pin penetration test is applicable to use before demolding. Second, this method
is suitable to use for low-strength concrete. However, the previous studies [37] have
only shown the effectiveness of this method on laboratory-sized specimens and have not
examined it on full-size concrete specimens, which may include different conditions, e.g.,
compaction conditions and uncontrolled temperature. In this study, the applicability of
this strength estimation method at actual construction is investigated. Small test holes
(12 mm in diameter) are prepared on the mold surface in real construction sites and mock-up
specimens in advance. The pin is penetrated into these test holes to obtain the relationship
between the compressive strength and the penetration depth.
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2. Testing Method and Materials
2.1. Pin Penetration Testing Device

The pin penetration testing device used in this study is shown in Figure 2, and its
specifications are in Table 1. In this device, a metal pin of 2.5 mm in diameter and 60 mm
in length is ejected with constant energy (6 Nm) from an internally compressed spring,
pushing the pin at the tip up to a predetermined height, and the penetration depth is
then measured. The measured penetration depth is digitally displayed on a control unit
connected to the main unit of the tester. The measuring principle is similar to that of
conventional pin penetration testers [32,33] used for concrete. This device was originally
developed to estimate the degree of decay or deterioration of wood based on the penetration
depth. In previous studies [34,35], this device was employed to determine the compressive
strength of concrete on the cubic mold on a laboratory scale. No result has been verified on
full-size mock-up specimens and/or actual construction sites. This study investigated the
applicability of this method in actual construction sites to determine the early compressive
strength. Two types of pipes with different materials were used to compare the effect of
material type on penetration depth, as shown in Figure 2.

=

Figure 2. Pin penetration tester.

Table 1. Pin penetration device specifications.

Device Specification Value Range
Measuring range 0~35 mm
Measurement accuracy 0.1 mm
Dimensions of device 50 x 70 x 335 mm
Weight ~2kg
Energy 6] (Nm)

2.2. Technique of Measuring Strength before Demolding

Figure 3 shows the pin penetration test of the mock-up specimen. As shown in this
photo, the specimens were not demolded. The pin penetration testing device is compact
and lightweight, does not require an external power source other than the built-in dry cell
batteries, and can be brought to the construction site easily. The pin penetration tests were
performed on mortar filled in the holes, as shown in Figure 4. The measurement results
were obtained from each hole.
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Figure 3. Pin penetration test of the mock-up mold before demolding.
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Figure 4. Test hole before inserting the pipe.

Figures 4-6 show the experimental procedure for preparing the test holes on the mold.
The pre-assembled test piece consists of an aluminum (Al) or acrylic (Ac) pipe, a plastic
cover, and a needle, as shown in Figure 4. The holes in the mold have the same diameter as
those used for ordinary separators of the mold, and the test can be conducted simply by
placing an aluminum pipe with a coarse aggregate penetration prevention needle and a
plastic cap with holes on the side facing the outside of the mold. At first, test holes with
a diameter of 12 mm were drilled in the mold before inserting the test piece, as shown in
Figure 4. The space between holes was not less than 40 mm. After that, the pre-assembled
test pieces were inserted into drilled holes, as shown in Figure 5. The concrete was poured
into the mold after finishing the preparation of the mold. The internal and surface vibrators
were used to compact the concrete until cement paste leaked from the plastic cap, as shown
in Figure 6.
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Figure 5. Test piece after inserting the pipe.

Figure 6. Test hole after concrete casting.

2.3. Pin Penetration Test at Construction Site and Mock-Up Mold

QOutside surface

Figure 7 shows the outline of experimental work for the pin penetration test. The pin
penetration test was performed at both the laboratory and the actual construction site to
investigate the applicability of this method. Also, mock-up specimens were prepared to
conduct pin penetration tests to simulate the actual construction site. Cylindrical specimens
with a size of 100 x 200 mm were prepared to determine the compressive strength of
concrete. Concrete temperatures and ambient temperatures were measured for each type
of specimen and on the construction site using the digital thermometer. The temperature
measurement interval was 5 min.

Construction site

-iﬂt Pin penetration
,f. test

Mock-up mold

Concrete
mixture

s

15h,18h,21h,24h, 27h,48d

000 arr

Compressive

strength test

Temperature | |
measurement

U 4

Figure 7. Outline of experimental work.

& Data

analysis
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In the scope of this study, penetration tests were conducted with 30 holes with both
Al and Ac pipes. For each series, pin penetration tests were conducted according to the
schedule shown in Table 2. At the same accumulated temperature, the compressive strength
tests were also conducted to obtain the corresponding compressive strength.

Table 2. Testing schedule.

Curing Time

Det inati
etermination 15h 18h 21h 24h 27h 48h
Al pipe O O O O O O
Mock-up mold -
Ac pipe O O O O O O
Al pipe O O O O
Construction site -
Ac pipe O O O O

Testing holes

Figure 8 shows the schematic diagram of the mock-up mold. The size of the mock-up
mold was 1800 x 900 x 200 mm each in length, height and thickness. In the case of the
mock-up mold, the pin penetration test was performed once 15 h after casting and then
repeated every 3 h. Therefore, testing times were 15, 18, 21, 24, 27, and 48 h. The core
drilled specimens were taken from mock-up mold at a time interval of 21, 24, 27, and
48 h. The core drilling was conducted with the mold in place, as opposed to the usual
situation. Temperatures were measured from the surface of the mock-up mold using the
digital thermometer.

arrangements R A A S A S O A A R SRR A
| | ; o
| =] 9
B
‘ -

') ® o |5

o000 0 (T 4Y3102Y:

o0 + o |&

e v|@|®| ® joo|oe |NEE
Space for o8 3 &
vibration qw

40 3 2 M1
—
\
[ N ] ? [ J g
[ B ? ® |o 4
3 o
® 0000 |C g
) o o |_ i v —~
** | @
50 40 40 | 40 | 40 | 50 -
Wt AP AP il Bin) 300 300 300 300 300 300
260 N K I il
1200 600 l .
1800

Core drilling

Figure 8. Design of mock-up mold.

On the construction site, it was impossible to perform the test at the construction
site before 8 a.m. in the morning and after 5 p.m. in the evening due to the limitation of
working time at the construction site. Therefore, pin penetration tests were performed
at 18, 21, 24, and 48 h at the construction site. The temperature was also measured from
the concrete surface. Figure 9 shows the prepared test holes at the construction site and
mock-up mold before conducting the pin penetration test.
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Figure 9. Test holes at mold (a) mock-up mold (b) construction site.

2.4. Concrete Used in the Experiment

The concrete for the specimens was supplied by a ready-mixed concrete plant near
Sendai City, Japan. Table 3 shows its specifications, and Table 4 shows its mix proportions.
As shown in these tables, tests were conducted on the different concretes with different
nominal strength, slump, and curing conditions also were different. Two different fine ag-
gregates were used for adjustment of particle size distribution. After casting, the cylindrical
specimens were sealed and cured at the construction site until testing.

Table 3. Used concrete specifications.

. . - Nominal Strength Slump
Series Testing Condition [MPa] [cm]
CS-1 Construction site 36 21
CS-2 (at ambient air temperature) 36 21
MS-1 Mock-up specimens 24 18
MS-2 (at ambient air temperature) 30 18
Table 4. Mix proportions (kg/m?).
. W/C . " .
Series [%] Cement Water  Fine Aggregate Coarse Aggregate Admixture
Cs-1 41.0 427 175 598, 158 969 6.41
CSs-2 41.0 427 175 598, 158 969 6.41
MS-1 54.0 324 175 659, 165 990 3.24
MS-2 46.5 376 175 626,157 990 3.76

* The fine aggregate contains a combination of two different sources.

2.5. Compressive Strength Test

Compressive strength tests were conducted in accordance with JIS A 1108. For each
series of tests, three cylindrical specimens were used for compressive strength tests to
confirm the strength. The testing time was determined by temperature measurement,
which was reached when the cured specimens obtained the same accumulated temperature
as the site concrete. The accumulated temperatures were calculated using Equation (1) [3].

M =Y (10 4 T)At )

where
M: accumulated temperature (°D-D);
T: temperature at At;
At: time.
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Both ends of the cylindrical specimens were polished. For the young specimens that
were not strong enough to withstand polishing, unbonded capping devices with soft rubber
were used. A 1000 kN universal testing machine was used for loading.

3. Results and Discussion
3.1. Temperature Difference between Site Concrete and Specimens

Figures 10-13 show the temperature histories of the construction site and mock-up
specimens. The temperature measured from the site or mock-up specimen concrete gives
the highest temperature profiles, and their temperatures slightly decreased to ambient air
temperature. The cylindrical specimens were cured at the same ambient air temperature as
mock-up molds and construction sites. However, the highest temperature profile occurred
within the first 8 h and then decreased to ambient air temperature. In general, cylindrical
specimens’ temperatures depend on the ambient air temperature. Therefore, it is confirmed
that even if the ambient air temperature is the same, the actual construction site concrete
temperature is higher than the temperature of site-cured specimens.

50
= 40
8 // \\
£ 30 ==
‘é ™" ‘\_\
220 = I ]
5} = (CS-1 (surface temp.)
=10 Ambient air temp.

0 Specimen temp.

0 3 6 9 12 15 18 21 24
Curing time [hours]

Figure 10. Temperature history of construction site (CS-1).

50
5) 40 P
e
230
g
I \\ -
£.20 = I i
g ——(CS-2 (surface temp.)
=10 H Ambient air temp.

Specimen temp.
0 I I I

(=]
W

6 9 12 15 18 21 24
Curing time [hours]

Figure 11. Temperature history of construction site (CS-2).

40

y E——

i Dm—— =

= MS-1 (surface temp.)

W
(e}
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S

Temperature [°C]
[\e}
(e}

Ambient air temp.

Specimen temp.

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48
Curing time [hours]

Figure 12. Temperature history of mock-up specimens (MS-1).
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Figure 13. Temperature history of mock-up specimens (MS-2).

3.2. Accumulated Temperature and Strength Delaying Time

As defined by [38], the concrete of the same mix at the same maturity has approxi-
mately the same strength, whatever combination of temperature and time that leads to
maturity. Therefore, the strength delaying time was determined based on the time to
reach the same accumulated temperature for all series. For instance, Figure 14 shows
the accumulated temperature and curing time for MS-1. As shown in this figure, the
accumulated temperature of the mock-up specimens (MS-1) is 27.5 °D-D, 43.5 °D-D, and
81.2 °D-D after 15 h, 24 h, and 48 h, respectively. However, cylindrical specimens ob-
tained the same accumulated temperature after 17 h 45 min, 29 h 26 min, and 56 h
40 min. Therefore, the strength delaying time is 2 h 45 min, 5 h 26 min, and 8 h
40 min for the cylindrical specimens. It confirms that the on-site cured specimens are
not suitable to evaluate the actual compressive strength of concrete at the construction
site, and the direct measurement method is important to determine the pre-curing time,
especially in cold weather conditions.

120 : :

o ——MS-1 (surface)
2 100 | . = —
s Specimens
[P
Q. ===
g - 80 ;
- |
2o @ g |
ﬁ — 1
z == :
3 20 o I 5Sh26min 8h40min
1> . 1 | 1
< / EE? Smin !::\): —;/‘:

0 ~ | 1 1

0 12 24 36 48 60 72

Time [hours]
Figure 14. Accumulated temperature and curing time (MS-1).

3.3. Relationship between Compressive Strength and Penetration Depth

The relationship between the penetration depth d and compressive strength is shown
in Figure 15. In the case of Al pipe (Figure 15a), the same depth of penetration is measured
even when the strength is increased. Al pipes are stronger than Ac pipes, which are difficult
to expand when the pin penetrates into the cement mortar filled in Al pipes. This is the
reason why Al pipe gives the same penetration depth even when the strength is different.
Therefore, it is not suitable to use strong materials for pipe because concrete-filled steel
pipe structures have high bearing capacity and strong deformation ability [39,40]. In the
case of Ac pipe (Figure 15b), the depth of penetration tends to decrease exponentially as
the compressive strength increases. When the compressive strength is less than 5 MPa,
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the depth of penetration shows significant variation. However, the obtained result was
different from the previous curve, which was determined in laboratory experiments [35].
The compressive strength range that can be estimated by the proposed method in this
study is set from 3 MPa to 15 MPa. A regression curve is set up to obtain the strength
estimation equation using the measurement points within this strength range. Here, based
on the graph shown in Figure 16, we use the inverse proportionality equation shown in

Equation (2) below.
s

fe=-— 2)

where,

fc: compressive strength [MPa];

d: corrected penetration depth [mm];

s,t: experimental constant.

The correlation between the compressive strength fc and the penetration depth d is
determined from the least squares method as in the following Equations (3) and (4). The
coefficients of determination of R? are R?4; = 0.399 and R?4, = 0.903. It can be confirmed
that acrylic pipe shows a higher correlation. Therefore, the result from the acrylic pipe is
used to determine early-age compressive strength before demolding.

46.51

fe= =213 ®)
22,02
Je= gy =56 @

where

d;: corrected penetration depth of aluminum pipe [mm];

d: corrected penetration depth of acrylic [mm].

Finally, a reference value of the penetration depth is determined with sufficient cer-
tainty that the strength required before demolding or preventing early-age freezing has
been obtained from the depth of penetration d; obtained in one penetration test and the
corresponding compressive strength fc;. The corresponding experimental constant s; in
Equation (2) is calculated by the following Equation (5).

S; = (dz — d) X fCi (5)

Here, d is the pin penetration depth for the acrylic pipe. s; is assumed to follow a
normal distribution, the mean value s of s; is calculated by Equation (6), and the standard
error SE;, is calculated by Equation (7) for the acrylic pipes.

Z?:1 Si

n

§:

(6)

2
Vi i =)
vn
The 99% confidence interval when considering the distribution of the experimental

constant s; is expressed by the following Equations (8) and (9). 54x and s,,;, are calculated
for the acrylic pipe.

SEs, = (7)

Smax = 5 + 3SEs, (8)
Smin = S — 3SEs; )

Substituting s,y and s,,;,, into Equation (2) yields the estimated intensity intervals.
These equations are expressed in Equations (10) and (11).

31.24

fcmux = ds —5.46 (10)
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Here,

fo = 12.81
min = 4. _ 546

femax: estimated upper strength of acrylic pipe [MPa];

fCmin: estimated lower strength of acrylic pipe [MPal].

These estimated intervals are indicated by the dashed lines in Figure 16, confirming
that it is possible to estimate the early-age compressive strength from the depth of pene-
tration obtained. The standard error of SE is 3.07. Considering the respective estimated
strength intervals, the penetration depths that ensure the development of the early-age
strength required before demolding are shown in Table 5. Figure 16 shows these values for
the relationship between penetration depth and compressive strength. If the penetration
depth is less than these values, it confirms that the minimum required strength before
demolding is achieved.

20

5 —
- o - 2
S W i W

(V)]

Compressive Strength [MPa
N -
whn W

(e

fc=46.51/(d—2.43)

R?=0.399
Te T
? fc: Compressive
® strength
o d: Penetration
Pl ‘e depth
[ J o
od | ...
BT T
0 25 5 75 10 12,5 15 17.5 20

Penetration Depth [mm]

(a) Aluminium pipe

Compressive Strength [MPa]

(11)

20 T T T T
175 fc=22.02/(d—5.46)
R?=0.903
15 1 1 1 1
! LT
12.5 - fc: Compressive
: strength
10 4 d: Penetration
75 ___ depth i
5
2.5
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(b) Acrylic pipe

Figure 15. Relationship between modified penetration depth and compressive strength.
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Figure 16. Pin penetration depth to ensure minimum required strength (Ac pipe).

20

Table 5. Penetration depth to ensure minimum required compressive strength before demolding.

Compressive Strength

Penetration Depth [mm]

[MPal] (Acrylic Pipe)
5.0 8.02 (8.0)
10.0 6.74 (6.7)

However, fewer values were obtained at lower strength levels due to higher strength
development during testing. Therefore, it is necessary to conduct more experiments to
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obtain more data at a low strength level in the future, although we were able to propose
reference values.

3.4. Surface Condition of Concrete after Demolding

The condition of the surface of the structure after demolding is shown in Figure 17.
As shown in these figures, the test hole marks after demolding are small, with acceptable
unevenness. It is considered possible to repair these test marks easily without damaging
the structural frame. Additionally, when installing finishing materials or insulation, these
marks can be covered without any special treatment.

Figure 17. Surface of concrete after demolding (a) mock-up specimen (b) construction site.

4. Conclusions

In this study, the pin penetration test method was investigated to determine the early-
age compressive strength at the actual construction site before demolding. The mock-up
specimens were prepared to determine the relationship between penetration depth and
compressive strength. The findings of this study are described below.

1. Itis confirmed that the pin penetration test method is suitable to measure the early-age
compressive strength before demolding at actual construction site.

2. The relationship between pin penetration depth and compressive strength of concrete
was determined at actual construction site using the mock-up specimens. The obtained
results were different from the existing curves obtained in laboratory experiments.

3. The strength development of specimens was significantly delayed compared to mock-
up specimens even when specimens were cured at same ambient air temperatures.
Therefore, it confirms that the pin penetration test method is important to determine
early-age compressive strength before demolding at actual construction site.

4.  The relationship between pin penetration depth and compressive strength gives
higher correlation when using the acrylic pipes. However, the compressive strength
range that can be estimated by the proposed method in this study was from 3 MPa to
15 MPa.

5. It is confirmed that when the compressive strengths are greater than 5 MPa and
10 MPa, the penetration depths are smaller than 8.0 mm and 6.7 mm, respectively.
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