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Abstract

The decrease in dynamic elastic modulus is a primary indicator of quantitative damage in concrete. To quantitatively
assess depth-by-depth damage within a concrete structure, cylindrical specimens obtained through coring can be
cut into disk specimens to measure the dynamic elastic modulus of concrete at each depth. To minimize external
damage during coring, it is essential to extract cylinders with the smallest possible diameter. In addition, for higher
resolution in depth-based damage assessment, creating disk specimens with the smallest possible thickness is neces-
sary. However, there is no information available in the literature on experimental limitation of smallest possible diam-
eter and thickness for dynamic elastic modulus of disk-shaped specimens. This study evaluated whether the dynamic
modulus measured from various sizes of concrete disk specimens provided sufficient reliability compared to reference
values obtained from cylinders. Moreover, the study examined how the presence of coarse aggregate and varia-

tion in the water—-cement ratio significantly influenced the dynamic modulus measurement. In addition, test results
from impulse excitation technique (IET) and impact resonance (IR) were compared to find a more reliable test method
for dynamic elastic modulus of disk specimen. The experimental findings revealed that as the thickness-to-radius ratio
of the disk specimens decreased, measured data variation increased. Mortar specimens without coarse aggregates
showed less variability compared to concrete specimens, and the variation in dynamic modulus measured by IR

was lower than that measured by IET.
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1 Introduction

Recently, as deterioration in large-sized concrete struc-
tures causes loss of property and human life, a strong
interest in developing tools to diagnose the exact extent
of deterioration in structures has been initiated (Abu
Shanab & Sorensen, 2023; Dvordk et al., 2023; Ghare-
hbaghi et al., 2022; Ghodousian et al., 2023; Li et al., 2023;
Shah et al., 2023; Yoon et al., 2021). It is because, in case
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For characterizing the level of deterioration, most
of research works (Chen et al., 2023; Georgali & Tsa-
kiridis, 2005; Hua et al, 2022; Kirchhof et al., 2015;
Krishna et al,, 2019; Lee et al, 2015, 2017; Ma et al,,
2015; Thanaraj et al., 2020; Yang et al.,, 2009) have used
full-sized cylindrical or prismatic specimens exposed to
the specific deterioration environments, such as short-
term and intensive conditions such as fire, or long-term
and subtle conditions such as chloride penetration or
irradiation. These studies measured parameters such as
resonant frequency, wave velocity, weight/length change,
and mechanical strength (if possible) of the specimens.
This approach enables the characterization of concrete
durability in specific environments because all necessary
information, such as testing temperature, concentration,
degree of exposure, and time, is clearly identified. How-
ever, regardless of the duration or magnitude of deterio-
ration, the use of full-sized specimens does not accurately
represent the damaging process of a real concrete struc-
ture. This is due to microcracks being generated from the
point of origin of deterioration and propagating into the
core of the concrete, leading to varying degrees of dete-
rioration by depth. Since cumulative minor damage can
compromise the integrity of the entire concrete struc-
ture, the first task for an engineer is to assess the extent
of damage that have occurred within concrete structures
to maintain the integrity of concrete structures and to
extend their service life.

To assess the damage within concrete structures, it is
necessary to understand the changes in material charac-
teristics from the surface to deeper layers of the structure.
For instance, when evaluating fire-induced damage, ther-
mogravimetric analysis (Alarcon-Ruiz et al., 2005; Alqas-
sim et al,, 2016; Ingham, 2009; Lim et al., 2021; Mendes
et al., 2009; Pathak et al., 2013; Ye et al., 2007) can be
utilized. This analysis involves collecting small cement
samples from various depths of the concrete surface and
assessing the loss of chemically bound water as a func-
tion of depth. However, collection of the cement sam-
ple from concrete requires some level of expertise and
often causes experimental error due to the differences in
aggregate contents in the collected sample, thereby caus-
ing difficulties for on-site application. Another method,
the depth of carbonation measured by phenolphthalein
method (Byun & Ryu, 2017; Du et al, 2018; Ha et al,
2016; Li et al., 2013, 2014; Sim & Ryu, 2020), can also
be utilized to evaluate pH of concrete samples taken at
different depths. However, this method only indicates
whether the pH of the concrete is below 9 or not. This
method cannot provide any detailed information on how
much damage has been occurred due to the fire (sam-
ple can be identified as undamaged if a small fraction of
Ca(OH), is available after fire damage). It is important
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to notice that these test procedures do not provide any
information on residual mechanical properties of dam-
aged concrete which are crucial for direct assessment of
remaining service life.

When a depth-by-depth analysis on residual mechani-
cal properties of concrete after deterioration needs to be
performed, for example, the level of deterioration during
fire or irradiation whose exposure conditions (heating
rate, intensity, exposure time, etc.) are unclear, full-sized
cylindrical core specimens cannot be used because bot-
tom part of core specimen which is located away from
the source of deterioration are not as damaged as upper
part of core specimen which is located near the source
of deterioration. For this reason, several attempts were
made to utilize disk-shaped concrete specimens (sliced
from cored concrete specimens) for estimation of
mechanical properties of concrete. Leming et al., (1998)
is one of the first research groups that have utilized disk
specimens. They investigated the feasibility of fundamen-
tal frequency measurements to estimate the dynamic
elastic modulus of the disk specimens, and found that
dynamic elastic modulus of disk specimen could be
accurately determined. Dilek and Reis () and Park and
Yim () have also measured the dynamic elastic modulus
of thin disk specimens after exposure to high tempera-
ture, demonstrating that the use of disk specimens with
small depth increments enabled a depth-by-depth assess-
ment of heat-induced damage in concrete. However, it is
important to notice that all these studies employed disk
specimens with a diameter of 100 mm and a thickness of
25 mm.

The diameter of the disk specimen can be determined
by the diameter of the core drilling machine used to col-
lect cylindrical concrete cores on-site. Since the collected
core specimen needs to be eventually repaired, a smaller
diameter of the core specimen is preferable. In addition,
to obtain more detailed information on damage at dif-
ferent depths of the concrete, it is better to utilize thin-
ner disk specimens. In summary, to obtain more detailed
information on depth-by-depth damage, it is recom-
mended to use the disk specimens with the smallest pos-
sible diameter and thickness. At this moment, there is
no information available for actual (experimental) limi-
tation of diameter and thickness that can be applicable
for dynamic modulus of disk-shaped specimens. In fact,
utilization of such thin disk specimens with smaller pos-
sible diameter can induce higher experimental variation.
Therefore, the study evaluated whether the dynamic
modulus measured from various sizes of concrete disk
specimens, with diameters of 100 mm or less and thick-
nesses of 25 mm or less, provided sufficient reliability
compared to reference values obtained from cylinder
measurements.
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Table 1 Chemical composition of ordinary Portland cement
Composition CaO Sio, AlLO, MgO Fe,0; SO; K,0 TiO, L.O.
(%) 64.4 18.85 5.62 3.65 3.06 2.53 1.04 041 044
Table 2 Physical properties of aggregate Table 3 Mix proportions of concrete
Properties Specific Absorption  Fineness Bulk Sample Unit weight (kg/m°)
gravity (9/ (%) modulus/ density :
cm’) maximum (%) W/C Water Cement Fine Coarse
size (mm) aggregate aggregate
Fine aggregate 2.56 173 28 1.70 3501 m? 035 170 485.71 696.87 10453
Coarse aggre-  2.59 067 25 167 M35 [0.597 170 485.71 696.87 -
gate m’]
M35 [1 m?] 28489 813.96 1167.82 -
C50 [1 m?] 05 170 340 744.57 1116.85
M50 [0.569 170 340 74457 -
Two different types of concretes, high strength and m?
normal strength concretes with water-to-cement ratios M50 [1 m’] 29870 59741 130827 -

of 0.35 and 0.50, were prepared for measurements. Disk
specimens with various thickness-to-radius ratio (t/r)
were prepared, and dynamic elastic modulus meas-
ured by impulse excitation and impact resonance meth-
ods were compared. The effect of coarse aggregate on
dynamic elastic modulus of disk specimens, which can be
one of the crucial factors that can determine the small-
est possible diameter and thickness, was also investigated
using mortar disk specimens. Consistency, variability,
and validity of the experimental results obtained from
disk specimens with varying diameters and thicknesses
are analyzed, and general suggestions on a successful
measurement of dynamic elastic modulus of disk-shaped
concrete specimen are discussed.

2 Experimental Procedure

2.1 Materials

In this study, ordinary type I Portland cement was used
for fabrication of concrete specimens. Chemical compo-
sitions of ordinary Portland cement, measured by X-ray
fluorescence (XRF), are presented in Table 1. Natural
sand and crushed stone were used as fine and coarse
aggregate, respectively. Physical properties of fine and
coarse aggregate were measured following ASTM C 128
standard test method for relative density (specific grav-
ity) and absorption of fine aggregate, and are summarized
in Table 2. Polycarboxylate-based superplasticizer was
used to obtain necessary slump range of 100 mm.

2.2 Mixing and Placing

Mix proportion of concrete used in this work is pre-
sented in Table 3. Mix proportion was designed to
understand the effect of w/c and the presence of
coarse aggregate on the difference in dynamic elastic

NOTE: Total volume of M35 [0.597 m®] and M50 [0.569 m3] mix proportions were
recalculated to meet total volume of 1 m3

modulus of cylindrical concrete specimen and con-
crete disk specimen. In Table 3, C series (C35 and C50)
are concrete and M series (M35 and M50) that coarse
aggregates were removed from mix design. Unit water
content was fixed at 170 kg/m® to control total solid
content the same between C35 and C50 (considering
that the amount of total solid content affects elastic
modulus). Fine aggregate to overall aggregate ratio was
also fixed at 0.4.

Mixing of concrete and mortar was performed using
a medium-sized concrete pan mixer with a mixing vol-
ume of 60 L. When mixing, cement and aggregate were
first added and dry mixed for 30 s. Water was poured and
mixed for 90 s at 30 rpm. After mixing was completed,
concrete and mortar were poured into cylindrical molds
of $100%x200 mm, ¢ 75%150 mm, and ¢ 50X 100 mm,
respectively. Samples were placed into the mold in 3
layers, and rodded 25 times and vibrated 15 times with
rubber mallet to obtain well-consolidated specimen.
Specimens were sealed with plastic wrap to prevent evap-
oration of water and cured at the ambient temperature
of 21+ 2 °C for 24 h. The specimens were demolded after
a day, and placed in 21 °C saturated lime solution until
the age of 28 days in a water bath. At 28 days, concrete
specimens were taken out for measurement of dynamic
elastic modulus. The 28-day compressive strengths of
C35 and C50 concretes were measured following ASTM
C 39 standard test method for compressive strength of
cylindrical concrete specimens. Those were 65.8 and
52.4 MPa, respectively. Experimental plan and sample



Kim et al. Int J Concr Struct Mater (2024) 18:68

preparation procedure are presented as a flow chart in
Fig. 1, and explained at following sections in detail.

2.3 Dynamic Elastic Modulus of Cylindrical Specimen
Prior to cutting the cylindrical specimen into disk speci-
mens, the dynamic elastic modulus of the cylindrical
specimen was measured using ASTM C215 (AMERI-
CAN SOCIETY FOR TESTING AND MATERIALS,
2019). The schematic of the test setup is shown in Fig. 2.
The cylindrical specimen was placed on a soft polyure-
thane sound absorbing foam to make specimen in free-
end boundary condition. A PCB-353B15 accelerometer
(PCB Piezotronics Inc., USA) was attached to the center
of one end, and the center of the other end was impacted
using a rod with 5 mm diameter iron ball to produce a
longitudinal impact wave. The acceleration signal that
was measured by accelerometer was amplified through
PCB-480B21 signal conditioner (PCB Piezotronics Inc.,
USA), and the data were obtained using NI-USB-3152
high-speed digital oscilloscope (National Instrument
Inc., USA).

Obtained data in the time domain were converted into
a frequency domain signal using fast Fourier transform
(FFT). The natural resonance frequency was obtained
from the frequency domain signal. Using the natural
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Soft foam (Polyurethane foam)

Fig. 2 Schematic illustration on fundamental longitudinal frequency
measurement of the cylindrical specimen

resonance frequency, the dynamic elastic modulus of the
cylindrical specimen was calculated using Eq. (1):

E =5.093 (L/d2>Mn2, 1)

where L is the length of specimen, d is the diameter of
cylinder, M is the mass of, n is the resonance frequency,
and E is the dynamic modulus of elasticity.

2.4 Preparation of Disk Specimens
Disk specimens with 4 different various thickness-to-
radius ratios (¢/r; 0.2, 0.3, 0.4, and 0.5) were produced by

Mixing of concrete and mortar
w/c: 0.35,0.50

!

Casting cylindrical specimens with different sizes
Size: 8100x200, 75x% 150, 950% 100 (mm)

!

Measuring dynamic elastic modulus of cylindrical specimen
(ASTM C 2195)

!

Preparation of disk specimen with different thickness to radius ratio (t/r)
t/r:0.5,0.4,0.3,0.2

!

Measuring dynamic elastic modulus of disk specimen

!

|
| IET (ASTM E1876) |
I

|
| IR (Leming et al. 1998 [28]) |
|

!

’ Correlation of dynamic elastic moduli obtained from disk and cylindrical specimens |

Fig. 1 A flow chart for experimental program used in this work
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slicing cylindrical concrete and mortar specimens. For
100 mm diameter cylindrical specimens, disk specimens
with diameter of 10, 15, 20, and 25 mm (corresponding
t/r radios of 0.2, 0.3, 0.4, and 0.5) were prepared. For 75
mm and 50 mmm diameter cylindrical specimens, disk
specimens with diameter of 7.5, 11.25, 15, and 18.75 mm
and 5, 7.5, 10, and 12.5 mm were prepared, respectively.
The types and numbers of disk specimens used for esti-
mation of dynamic elastic modulus are shown in Table 4.

2.5 Dynamic Elastic Modulus of Disk Specimen

2.5.1 Impulse Excitation Technique

The dynamic elastic modulus of the concrete disk speci-
men was measured using impulse excitation technique
(IET) specified in ASTM E1876-01 (AMERICAN SOCI-
ETY FOR TESTING AND MATERIALS, 2022). This
method utilizes the ratio of resonant frequencies of two
different vibrating modes and the geometric information

Table 4 Type and numbers of specimens used in this work

Type Diameter

50 mm 75 mm 100 mm Total (EA)
Cylinder 8 8 8 24
Disk 48 48 48 144

Top

@ : 15T MODE IMPULSE POINT - 25T MODE SENSOR POINT
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of the disk specimen to estimate the Poisson’s ratio and
the dynamic elastic modulus of the disk specimen.

The test setup for IET is shown in Fig. 3. The same
impactor, accelerometer, signal conditioner, and digi-
tal oscilloscope were utilized for measurements. The
four supports were arranged at 90-degree intervals on
a concentric circle with a diameter equal to 0.681 times
the diameter of the specimen. The disk specimens were
mount on the supports. Then, an acceleration signal was
recorded at point S1 by exciting point X1 with a steel ball.
The time domain acceleration signal was transformed
into a frequency domain by FFT, and the first resonance
frequency was obtained. Similarly, the second resonance
frequency was obtained with the acceleration signal
measured at point S2 by exciting point X2.

The dynamic elastic modulus of the disk specimen was
calculated with Eq. (2) using the resonance frequencies
measured by IET:

E=(Ei1+E»/2 ()

where E; = [37.6991f2D*m(1 — u*)1(K?£3), f; is the i-th
natural resonance frequency, D is the diameter of disk, m
is the mass of disk, u is the Poisson’s ratio, K; is the geo-
metric factor for the i-th natural resonance frequency,
and ¢ is the disk thickness. The Poisson’s ratio u and
geometric shape factor K; can be obtained from ASTM
E1876-01.

Bottom

A : SUPPORT POINTS

@ : 15T MODE SENSOR POINT - 25T MODE SENSOR POINT

Fig. 3 Schematic figure of impulse excitation technique
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2.5.2 Impact Resonance Method (IR)

The dynamic elastic modulus of the concrete disk
specimens was measured using impact resonance
(IR) method proposed by Leming et al. (1998). The
IR method measures the resonant frequency of a disk
specimen with a free-end boundary condition and
estimate the dynamic elastic modulus using the fre-
quency. The schematic of the testing setup is shown
in Fig. 4. Disk specimens were placed on a soft poly-
urethane foam to set a free-end boundary state. An

Accelerometer
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accelerometer was place at the center of the top sur-
face of the disk specimen. Near the center of the disk
specimen was excited with an iron ball impactor. The
acceleration was measured as a function of time and
converted into a frequency domain signal using FFT.
From the frequency domain signal, the natural resonant
frequency of the disk specimen was obtained.

The dynamic elastic modulus of the disk specimen was
determined using Eq. (3):

Impact source

/ (steel ball)

Disk specimen

Soft foam (Polyurethane foam)

Top

Analog-Digital

Converter

(b)

P : signal pick-up point

@

Fig. 4 Test configuration for impact resonance method: a schematic illustration and b photographic image
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Table 5 Frequency parameter Q2 for different t/r ratio and Poisson’s ratio
t/r ratio Poisson’s ratio
0.15 0.175 0.2 0.225 0.25 0.275 0.3
0.2 0.7225 0.7385 0.7545 0.7715 0.7785 0.8065 0.8255
03 1.0285 1.0495 1.0715 1.0945 1.1185 1.1425 1.1675
04 1.2855 1.3125 1.3385 1.3655 1.3935 14225 14515
0.5 1.4995 1.5285 1.5585 1.5895 1.6205 1.6525 1.6855
nfd\? 50
E;=20+v)p| — )], (3) oDs0 mD75 mDI0O
QO 45 -

where v is the Poisson’s ratio of the disk, p is the den-
sity of the disk, f is the measured natural resonance fre-
quency of the disk, d is the diameter of the disk, and Qg is
the frequency parameter associated with the fundamen-
tal mode of vibration. The frequency parameter g can be
determined by the plate theory based on the axisymmet-
ric flexural vibration of thick free circular plate (Hutch-
inson, 1979; Martincek, 1965). A MATLAB (Works &
Inc, 2020a) code was developed to determine frequency
parameter Q2 based on the details described in the work
of Leming et al. (1998). The calculated frequency param-
eters g for different Poisson’s ratio and disk thickness/
radius ratio are shown in Table 5.

2.6 Correlation Analyses

A correlation analysis was performed using Pearson’s
correlation coefficient to quantitatively confirm the effect
of various factors on the degree of difference between the
dynamic elastic modulus of cylindrical and disk speci-
men. A commercial spreadsheet program (Excel, Micro-
soft Co. Ltd. USA) was used for correlation analysis, and
the significance level (p) was set at 0.05. The variables
used for correlation analysis were the diameter of the
disk specimen, t/r ratio, ratio of dynamic elastic modu-
lus (Egq/Ecy1) between the disk and cylindrical specimen,
and the standard deviation of E g /E;.
2.7 Statistical Analyses

The statistical analysis (paired t-test) was performed
using a commercial spreadsheet program (Excel, Micro-
soft Co. Ltd. USA). The “t-test” was applied on the sets
of E | and compared with the sets of Egy. The confi-
dence level of 95% was chosen, and the null hypothesis
was set as E. was identical to Egy. The null hypothesis
was accepted if the p value was above 0.05. When the p
value was less than 0.05, the null hypothesis was rejected
meaning that E_, is different from E .

30

Cylinder-dynamic elastic modulus (GPa)

Concrete Mortar

WC 0.35

Mortar

Concrete

WC 0.5
Fig. 5 Dynamic elastic moduli of cylindrical concretes

3 Results and Discussion

3.1 Dynamic Elastic Modulus of Cylindrical Specimen

Fig. 5 and Table 6 show dynamic elastic modulus of
cylindrical specimens with varying w/c and aggregate
contents. According to Fig. 5, concrete with lower w/c
showed higher dynamic elastic modulus although the
same unit water content was used to make concrete spec-
imens. Since unit water content was fixed at 170 kg/m3
for both w/c 0.35 and 0.50 concretes, the reduction of
w/c from 0.5 to 0.35 led to the increase in the binder con-
tent with decrease in aggregate content. Since the elas-
tic modulus of aggregate is higher than that of cement
paste (Bang et al., 2013; Mitchell et al., 2014), reduc-
tion in the aggregate content in w/c 0.35 concrete (see
Table 3) could have decreased the dynamic elastic modu-
lus of concrete, showing almost no difference compared
to that of w/c 0.50 concrete which had higher aggregate
content (Table 3). However, it was found that dynamic
elastic moduli of w/c 0.35 concretes were approximately
12% higher than those of w/c 0.50 concretes. Such an
increase should have been related to the enhancement of
microstructure in w/c 0.35 concrete compared to that of
w/c 0.50 concrete. In w/c 0.35 concrete, higher amount
of water has been consumed for hydration of cement,
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Table 6 Dynamic elastic moduli of entire specimens (GPa)
50 mm diameter 75 mm diameter 100 mm diameter
Cylinder ASTM C 215 (35 4483 43.76 4401
M35 3353 32.94 33.24
C50 3948 38.06 40.55
M50 31.27 2943 30.31
Specimen Thickness/radius
0.5 0.4 0.3 0.2 0.5 0.4 0.3 0.2 0.5 0.4 0.3 0.2
Disk IET method 35 48.02 3492 41.16 48.59 5234 4847 62.62 62.29 40.55 5043 51.62 40.55
M35 30.30 2743 30.14 29.73 31.60 2517 29.20 3544 3213 3046 33.56 33.71
50 3098 31.07 38.71 3244 52.09 4434 52.38 67.14 3937 49.59 5222 4831
M50 24.73 2551 30.02 25.12 28.53 29.64 26.02 28.74 28.39 26.51 26.05 28.51
IR method 35 47.10 3922 4422 5873 4797 5217 47.28 50.38 4155 49.87 46.27 4155
M35 33.63 32.17 34.13 1245 33.13 34.32 3148 31.05 34.32 3242 3353 26.80
C50 34.87 34.53 40.73 4748 41.98 4322 4493 46.30 39.52 46.95 46.80 42.87
M50 29.62 29.55 34.20 10.97 30.27 31.25 28.70 2592 30.92 31.83 2842 2697

and higher reduction in porosity caused densification of
interfacial transition zone (ITZ) that strongly affects elas-
tic modulus of concrete as third phase material (Nilsen &
Monteiro, 1993).

The work done by Bharatkumar et al., (2001) is a good
example case to compare because their work used the
same water to binder ratios (0.35 and 0.50) while main-
taining the unit water content (170 kg/m?) the same for
both w/b 0.35 and 0.50 concretes. Similar results were
observed from the work of Bharatkumar et al., (2001)
that the static elastic modulus of concrete with w/c 0.35
(around 45 GPa) was approximately 22% higher than
that of w/b 0.35 concrete around 35 GPa). Higher dif-
ference in elastic modulus (approximately 22%) between
w/b 0.35 and 0.50 compared to this work (approximately
12%) was associated with the nature of testing: static elas-
tic modulus for the work of Bharatkumar et al., (2001)
and dynamic elastic modulus for this work. The effect
of ITZ in elastic modulus should be more significant in
static measurement because test runs until the breakage
of the specimen. Dynamic measurement was less affected
by the presence of ITZ because it uses small amount of
impact energy that cannot cause failure of ITZ (Zhang
et al.,, 2018; Zhou et al., 2021).

According to Fig. 5, the difference in dynamic elastic
modulus between concrete and mortar specimens was
greater than that caused by the increase of w/c. approx-
imately 25% and 23% reduction in dynamic elastic
modulus was observed for w/c 0.35 and 0.50, respec-
tively. It should be noted that mortar specimens were

prepared by excluding the coarse aggregate content
(see Table 3). As a result, the amount of water, cement,
and fine aggregate were proportionally increased to
fill the volume of coarse aggregate. Since higher unit
water content (170-284.89 kg/m® for w/c 0.35, 170—
298.70 kg/m? for w/c 0.50) increased the amount of
water filled capillary porosity, dynamic elastic modulus
of mortar should have been decreased. Proportional
reduction in total aggregate volume (from 67.58% in
concrete to 45.62% in mortar for w/c 0.35 specimens
and from 72.20% in concrete to 51.10% in mortar for
w/c 0.5 specimens) was another significant reason for
the reduction in dynamic elastic modulus. It is worth
noting that dynamic elastic modulus of w/c 0.35 mor-
tar specimen was approximately 16% lower than that of
w/c 0.50 concrete. Such result verified the significance
of aggregate proportion in dynamic elastic modulus of
concrete.

3.2 Dynamic Elastic Modulus of Disk Specimen

For comparison of dynamic elastic modulus of disk
specimen with that of cylindrical specimen, dynamic
elastic modulus of disk specimens obtained from
Egs. (2) and (3) were divided by dynamic elastic modu-
lus of cylindrical specimens that was shown in Table 1,
and expressed as ratio (Egq/E.,) between dynamic
elastic modulus of disk specimen (Eg) and cylindri-
cal specimen (E). The obtained values with 3 differ-
ent diameters and 4 different t/r (thickness-to-radius)
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Fig. 6 Ratio of dynamic elastic modulus of w/c 0.35 disk and cylinder
(Egise/Ecy) measured by IET
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Fig. 7 Ratio of dynamic elastic modulus of w/c 0.50 disk and cylinder
(Egig/ Ecy) measured by IET
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Fig. 8 Ratio of dynamic elastic modulus of w/c 0.35 disk and cylinder
(Egig/Ecyp) measured by IR

ratios are presented in Figs. 6 and 7 (measured by IET)
and Figs. 8 and 9 (measured by IR), respectively. The
error bars in figures mean the standard deviation of the
values, which represent the variability of the estimated
value of the dynamic elastic modulus.
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3.2.1 Dynamic Elastic Modulus by IET

Fig. 6 shows ratio of Eyy/E., (measured by IET) of w/c
0.35 concrete and mortar obtained from various t/r ratio
with varying size of diameter. Regardless of the disk
diameter, dynamic elastic modulus of disk specimens
with larger t/r (thickness became thicker) showed closer
values to dynamic elastic modulus of cylindrical speci-
men (Egq/Ey stays closer to the line of equality). As ¢/r
ratio decreases (thickness became thinner), variation in
data became greater meaning that the data cannot be as
credible as that obtained from thicker disk specimens.
It should be noted that the variation of data was signifi-
cantly reduced when diameter of the disk specimen was
100 mm. In general, thicker disk specimens with larger
diameter showed more stable data. Mortar specimens
generally showed lower Eyqy/E ., than concrete speci-
mens, but overall trend was similar to that of concrete
specimens.

Fig. 7 shows ratio of E;y/E,,| (measured by IET) of w/c
0.50 concrete and mortar. In case of w/c 0.50 specimens,
the effect of larger t/r on Eyy/E., was unclear. How-
ever, it was clear that variation in data was reduced when
t/r ratio increases. The stability of data was the highest
when 100 mm diameter disk was utilized for the meas-
urement. The effective t/r to obtain stable measurement
was 0.5 (thickness of 25 mm). It is because, although the
variation in data was not so much changed, the dynamic
modulus of disk specimen continued to increase as thick-
ness of the specimen decreased (¢/r ratio decreased). In
general, mortar specimens showed more stable meas-
urement than concrete specimens. It is strongly associ-
ated with the variation in coarse aggregate proportion in
each of the disk specimen that occurred by thickness of
the disk being smaller than the maximum size of coarse
aggregate.

For both w/c 0.35 and 0.50 concrete disk specimens,
disk specimens with diameter of 75 mm showed much
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higher dynamic elastic modulus than that of cylindri-
cal specimens. The variation in data was also greater
than disk specimens with other diameters. Disk speci-
mens with 75 mm diameter showed completely dif-
ferent behavior compared to those of disk specimens
with 50 mm and 100 mm diameters. In case of IET, no
specific trend (data variation, accuracy, etc.) was found
regarding the size of the diameter. The reason is unclear
at this moment.

3.2.2 Dynamic Elastic Modulus by IR

Fig. 8 shows ratio of E4y/E., (measured by IR) of w/c
0.35 concrete and mortar obtained from various t/r
ratio with varying size of diameter. Except for the case
of 50 mm diameter mortar disk specimen with ¢/r=0.2
(thickness of 5 mm), dynamic elastic modulus of disk
specimen did not show great difference compared to
that of cylindrical specimen. Similar to the case of IET,
dynamic elastic modulus of disk specimens with larger
t/r (thickness became thicker) showed closer values to
dynamic elastic modulus of cylindrical specimen (E;q/
E., stays closer to the line of equality). In general, disk
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specimens with larger diameter tended to show less
variation in data. Variation in data became also greater
as t/r ratio decreases, but level of variation was lower
than that measured by IET. Ej/E., of mortar speci-
mens did not exactly follow that of concrete specimens,
but the differences in data measured by IR was smaller
than those measured by IET.

Fig. 9 shows ratio of Ey/E., (measured by IR) of w/c
0.50 concrete and mortar obtained from various t/r
ratio with varying size of diameter. Similar to the case of
w/c 0.35, 50 mm diameter disk specimen with ¢/r=0.2
(thickness of 5 mm) showed much less dynamic elastic
modulus than that of cylindrical specimen. Such a great
difference could have been associated with poor prepa-
ration or damage associated with the preparation of thin
disk specimen. Thicker disk specimens tend to show
dynamic elastic modulus closer to that of cylindrical
specimen, and variation in data also became greater as t/r
ratio became smaller.

The comparison between dynamic elastic modulus of
disk and cylindrical specimens is presented in Fig. 10.
In case of mortar specimens without coarse aggregate,
relatively strong correlation, between dynamic elastic
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Fig. 10 Relationship between dynamic elastic modulus of disk and cylindrical concrete specimens by IR
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modulus of disk and cylindrical specimen, was observed.
In case of concrete specimens, disk specimens showed
higher dynamic elastic modulus than cylindrical speci-
men. Data also showed larger variation compared to
the case of mortar were observed. The reason for larger
data variation can be attributed to the irregular volu-
metric proportion of coarse aggregate among each of the
disk specimen. The reason why concrete disk specimens
showed higher dynamic elastic moduli than cylindrical
specimens is unclear at this moment.

3.3 Correlation Analyses

Table 7 shows results of correlation analyses. It should be
noted that the value range of Pearson’s correlation coef-
ficient is from —1 to+1. The sign of the correlation coef-
ficient indicates the direction of the relationship, and the
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absolute value of the coefficient indicates the strength of
the relationship. The asterisk (*) that is attached to the
correlation coefficient indicates that the correlation coef-
ficient has 95% confidence level. Two asterisks indicate
the confidence level of 99%, and three asterisks indicate
the confidence level of 99.9%.

According to Table 7, in case of the C35 specimen
measured by IET, the correlation coefficient between
diameter and standard deviation was —0.5058%, and the
correlation coefficient between the t/r ratio and standard
deviation was —0.5065%, respectively. Since these values
showed negative numbers, the relationship can be estab-
lished that the standard deviation of the data decreases
when the diameter of the disk specimen increases. Like-
wise, as t/r ratio increases, standard deviation decreases
with 95% confidence level. In general, most of the factors
did not present strong correlation except for the case of

Table 7 Results of correlation analysis using experimental data obtained by IET (*p <0.05)

Variables Diameter t/r ratio Egisi/Ecyi Standard deviation
Diameter 1 0 0.1487 (C35) —0.5058* (C35)
0.4025% (C50) —0.2004 (C50)
0.3061 (M35) 0.3061 (M35)
0.1832 (M50) 0.1832 (M50)
t/r ratio 0 1 —0.1635 (C35) —0.5065* (C35)
—0.2742 (C50) —0.5401* (C50)
—0.2063 (M35) —0.6291* (M35)
—0.0208 (M50) —0.5984* (M50)
Eeis/Eey 0.1487 (C35) ~0.1635 (C35) 1 03004 (C35)
0.4025* (C50) —0.2742 (C50) 0.2350 (C50)
0.3061 (M35) —0.2063 (M35) —0.064 (M35)
0.1832 (M50) —0.0208 (M50) —0.1272 (M50)
Standard deviation —0.5058* (C35) —0.5065* (C35) 0.3004 (C35) 1
—0.2004 (C50) —0.5401* (C50) 0.2350 (C50)
0.3061 (M35) —0.6291* (M35) —0.064 (M35)
0.1832 (M50) —0.5984* (M50) —0.1272 (M50)
Table 8 Results of correlation analysis using experimental data obtained by IR (*p < 0.05)
Variables Diameter t/r ratio Egisi/Ecyi Standard deviation
Diameter 1 0 —0.0306 (C35) —0.4608* (C35)
0.6234* (C50) —0.2279 (C50)
0.2547 (M35) —0.0593 (M35)
0.2782 (M50) —0.2272 (M50)
t/r ratio 0 1 —0.1358 (C35) —0.5005* (C35)
—0.0608 (C50) —0.7529* (C50)
0.5428* (M35) —0.3709* (M35)
0.4782* (M50) —0.7020* (M50)
Eis/Eey ~0.0306 (C35) ~0.1358(C35) 1 04102* (C35)
0.6234* (C50) —0.0608 (C50) 0.0359 (C50)
0.2547 (M35) 0.5428* (M35) 0.0507 (M35)
0.2782 (M50) 0.4782* (M50) —0.1833 (M50)
Standard deviation —0.4608* (C35) —0.5005* (C35) 0.4102* (C35) 1
—0.2279 (C50) —0.7529* (C50) 0.0359 (C50)
—0.0593 (M35) —0.3709* (M35) 0.0507 (M35)
—0.2272 (M50) —0.7020* (M50) —0.1833 (M50)
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t/r ratio of disk specimen and standard deviation of the
data. The results of correlation analysis suggests that t/r
ratio has negative correlation with standard deviation.

According to Table 8 which presents results of correla-
tion analysis using data measured by IR, the correlation
coefficient between diameter and standard deviation in
C35 specimen was —0.4608*% and the correlation coef-
ficient between the t/r ratio and standard deviation was
—0.5065%, respectively. In general, t/r ratio and standard
deviation showed strong negative correlation, meaning
that thicker disk specimens provided smaller standard
deviation in data. The difference caused by type of meas-
urement technique (IET or IR) was not clearly identified
from correlation analysis.

It is interesting to notice that the data measured by IR
showed a clear trend with the increase in w/c of the spec-
imen. As w/c ratio increased from 0.35 (C35 and M35)
to 0.5 (C50 and M50), correlation coefficients between
t/r ratio and standard deviation decreased from —0.5005*
(C35) and -0.3709* (M35) to —0.7529* (C50) and
—0.7020* (M50), respectively. The results indicate that
higher w/c specimens showed higher scattering in data
by the reduction of ¢/r ratio. In case of the data meas-
ured by IET, correlation coefficients between t/r ratio and
standard deviation were —0.5065* (C35), —0.6291* (M35),
—0.5401* (C50), and —0.5984* (M50), respectively. The
effect caused by w/c on correlation coefficient between
t/r ratio and standard deviation was not as clear as the
data measured by IR. The difference between correla-
tion coefficients were also smaller, and did not show clear
trend.

It is interesting to notice that the data measured by IR
showed a clear trend with the increase in w/c of the spec-
imen. As w/c ratio increased from 0.35 (C35 and M35)
to 0.5 (C50 and M50), correlation coefficients between
t/r ratio and standard deviation decreased from —0.5005*
(C35) and -0.3709* (M35) to —0.7529* (C50) and
—0.7020* (M50), respectively. The results indicate that
higher w/c specimens showed higher scattering in data
by the reduction of ¢/r ratio. In case of the data meas-
ured by IET, correlation coefficients between ¢/r ratio and
standard deviation were —0.5065* (C35), —0.6291* (M35),
—0.5401* (C50), and —0.5984* (M50), respectively. The
effect caused by w/c on correlation coefficient between
t/r ratio and standard deviation was not as clear as the
data measured by IR. The difference between correla-
tion coefficients were also smaller, and did not show clear
trend.

3.4 Statistical Analyses

Results from t-test are summarized in Table 9. When the
diameter of the disk specimen was 50 mm, E;y of M35
(¢/r ratio of 0.2) measured by IR showed p value of 0.03
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(smaller than 0.05), and thus determined as statistically
different from E_. It should be also noted that Eg of
w/c M50 (¢/r ratio of 0.2) measured by IR showed p value
of 0.07. Although the set of data was determined to be
statistically not different from E_;, p value was so close
to 0.05 that it could have almost determined as statisti-
cally different. The trend of showing low p value with
M35 and M50 specimens was associated with the experi-
mental results shown in Figs. 8 and 9. It was suspected
that some level of microcrack has been generated during
preparation of 5 mm thin disk specimen (t/r=0.2), and
thus showed higher difference between E_,; and E .

In case of the disk specimen with 75 mm diameter, E ;g
of C35 (¢/r=0.3) measured by IR was found to be statis-
tically different from E_, (showing p value of 0.04). E
of C50 (¢/r=0.3) also showed p value of 0.09. Except for
these two sets of data, no clear statistical difference was
observed between E; and Egg. With 100 mm diameter
disk specimens, Eg g of C35 (t/r 0.3) measured by IET
was found to be statistically different from E; (show-
ing p value of 0.03). In general, the null hypothesis used
for t-test, E ,; and Egy were identical, and could not be
rejected although such a large variation in data from disk
specimen was observed from Figs. 6, 7, 8, and 9.

3.5 Discussion

Although measured dynamic elastic modulus should be the-
oretically identical regardless of cylindrical and disk speci-
mens, they showed some differences. It is because (1) there
is always a size effect for mechanical property measure-
ment and (2) the effect of microcracks induced during cut-
ting process is greater for thinner specimen (higher volume
fraction of microcracks in thinner specimens). Inconsist-
ency in measured values was also more significant when the
thickness of disk specimen becomes smaller. It seems to be
associated with the maximum size of aggregate in concrete,
in which coarse aggregate will always be sliced with differ-
ent volume fractions to cause higher variation of aggregate
volume fraction in disk-shaped specimens. It should be
important to notice that variation in data was also smaller in
mortar specimens than concrete specimens.

For these reasons, the results from this work showed
that concrete disk specimens with the diameter of
100 mm and thickness of 25 mm showed the most reli-
able values. It is interesting to notice that all the previ-
ous works (Dilek, 2008; Dilek & Reis, 2015; Leming et al.,
1998; Park & Yim, 2016, 2017a, 2017b; Park et al., 2014;
Reis & Dilek, 2013) used 100 mm X 25 mm disk speci-
mens for their works. It is not clear whether it was just
a coincidence or was chosen on purpose (the reason
was not clearly mentioned in their works). However, the
results from this work have shown that their choice was
appropriate to obtain reliable results.
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Table 9 Results of the paired t-test

Page 13 of 16

Specimen Thickness/radius
0.5 0.4 0.3 0.2
Pvalue st.d* Pvalue st.d* Pvalue st.d* Pvalue st.d*

Diameter 50

IET method 35 0.85 No 0.85 No 0.77 No 091 No
M35 049 No 0.14 No 0.71 No 0.79 No
C50 0.34 No 0.54 No 0.82 No 0.84 No
M50 0.44 No 053 No 043 No 0.49 No

IR method 35 0.82 No 048 No 0.93 No 0.70 No
M35 0.97 No 0.59 No 0.74 No 0.03 Yes*
50 0.55 No 0.64 No 0.60 No 0.62 No
M50 0.37 No 0.77 No 0.95 No 0.07 No

Diameter 75

IET method 35 0.14 No 0.82 No 0.30 No 0.65 No
M35 0.84 No 0.53 No 0.61 No 0.76 No
50 0.54 No 0.50 No 0.09 No 033 No
M50 0.27 No 0.58 No 039 No 0.77 No

IR method C35 0.04 Yes* 0.61 No 0.30 No 0.81 No
M35 093 No 0.81 No 0.90 No 0.76 No
C50 043 No 030 No 0.44 No 0.60 No
M50 074 No 061 No 0.79 No 0.82 No

Diameter 100

IET method 35 032 No 0.37 No 0.03 Yes* 0.54 No
M35 0.77 No 0.58 No 0.94 No 0.97 No
C50 0.89 No 027 No 0.37 No 0.57 No
M50 0.75 No 0.75 No 0.89 No 0.25 No

IR method C35 0.81 No 0.23 No 0.29 No 048 No
M35 0.84 No 0.89 No 0.56 No 0.30 No
50 0.88 No 048 No 0.28 No 0.71 No
M50 0.80 No 0.55 No 092 No 038 No

" st.d =statistical difference

It should be noted that the original purpose of the
research was to reduce the radius and thickness of
the disk specimen as small as possible to obtain more
detailed information on depth-by-depth deterioration.
At this moment, it is recommended that reduction in the
diameter and thickness should be limited until the rea-
sons for higher data variation are clearly identified. Fur-
ther works need to be performed by controlling the size
and proportion of the coarse aggregate, sample prepara-
tion procedure (to minimize the damage associated with
sample preparation), and moisture content, etc., to sug-
gest the smallest allowable diameter and thickness for
estimation of dynamic elastic modulus from thin disk
specimens.

In general, the level of variation in dynamic elastic
moduli of disk specimens measured by IR were smaller
than those measured by IET. Such tendency became

stronger as the diameter of disk specimen became
smaller. The results indicate that IR is a more reliable test
procedure than IET. Moreover, the test procedure for IR
is simpler and easier than that for IET. In comparison
with IR and IET, it is considered that IR can be a better
alternative for estimation of dynamic elastic modulus
from a thin disk specimen although resonant frequency
measurement of disk specimen by IR has not yet been
specified in standard testing procedures, e.g., ASTM.

4 Conclusion

The decrease in dynamic elastic modulus is a primary
quantitative indicator of damage in concrete; hence,
the depth-wise damage within a concrete structure can
be quantitatively assessed using disk shapes concrete
specimen fabricated from cylindrical concrete specimen
obtained by coring. For higher resolution in depth-based
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damage assessment, fabricating disk specimens with the
thinnest possible thickness is necessary for measuring
the dynamic modulus.

In order investigate the reliability and variability of
dynamic elastic modulus measurement using smaller
sized specimens, the dynamic elastic modulus of disk
specimens with varying thicknesses and diameters,
made from concrete and mortar with different water-
to-cement ratios, was measured using the IET and IR
methods. The dynamic elastic modulus measured using
disk specimens appeared to be similar to that measured
using cylinder specimens. However, the degree of simi-
larity and variability differ based on factors such as the
thickness-to-radius ratio of the disk specimen, diameter,
water-to-cement ratio, and the presence of coarse aggre-
gates. Based on the measurements of the dynamic elastic
modulus of the disk specimens, the following conclusions
can be drawn:

1) The level of variation in dynamic elastic moduli of
disk specimen measured by IR was smaller than those
measured by IET. Such tendency became stronger as
the diameter of disk specimen became smaller.

The variability in the dynamic elastic modulus of
mortar specimens, which has no coarse aggregates, is
lower compared to concrete specimens.

3) The thicker disk specimens of both concrete and
mortar tend to show dynamic elastic modulus closer
to that of cylindrical specimens.

The variability in the measured dynamic elastic mod-
ulus decreases as the thickness-to-radius ratio (¢/r) of
the disk specimens increases, and as the diameter of
the specimens increases.
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