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Abstract

This study investigates the effects of cement type, curing temperature, and age on the relationships between dynamic and static
elastic moduli or compressive strength. Based on the investigation, new relationship equations are proposed. The impact-echo method is
used to measure the resonant frequency of specimens from which the dynamic elastic modulus is calculated. Types I and V cement
concrete specimens with water—cement ratios of 0.40 and 0.50 are cured isothermally at 10, 23, and 50 °C and tested at 1, 3, 7, and 28
days.

Cement type and age do not have a significant influence on the relationship between dynamic and static elastic moduli, but the
ratio of static to dynamic elastic modulus approaches 1 as temperature increases. The initial chord elastic modulus, which is measured
at low strain level, is similar to the dynamic elastic modulus. The relationship between dynamic elastic modulus and compressive
strength has the same tendency as the relationship between dynamic and static elastic moduli for various cement types, temperatures,

and ages.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

To evaluate stability and durability of existing structures
or monitor strength and elastic modulus development
during construction, nondestructive evaluation (NDE)
methods have been developed recently. Many NDE meth-
ods estimate concrete strength using the established rela-
tionship between the strength by uniaxial compression test
and the property given by NDE method. But, there are few
researches that investigate the relationship between the
static elastic modulus and the dynamic elastic modulus.
Various types of static elastic modulus can be calculated
from the stress—strain curve obtained in an uniaxial
compression test. The tangent elastic modulus is the slope
of a line tangent to the stress—strain curve at any point on
the curve. The secant elastic modulus is the slope of a line
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drawn from origin to a point on the curve corresponding to
40% of ultimate strength. The chord elastic modulus is the
slope of a line drawn from a point representing a longi-
tudinal strain of 50 X 10~ ° to a point at 40% of ultimate
strength. Generally, the elastic modulus obtained by uni-
axial compression test using ASTM C 469 is the chord
elastic modulus. NDE methods measure dynamic elastic
modulus based on the stress wave velocity [1]. The
dynamic elastic modulus corresponds to initial tangent
modulus because strains are very low during these dynam-
ic tests.

Research on the impact-echo method used in this study
to estimate dynamic elastic modulus was begun in the
early 1980s at what is the National Institute of Standards
and Technology by Nicholas J. Carino and Mary Sans-
alone. In addition to demonstrating the practicality of the
method, they developed a theoretical understanding of
stress wave propagation in concrete plates. Sansalone and
her students at Cornell University have continued the
work including innovations in signal analysis using arti-
ficial intelligence [2]. Pessiki and Carino [3] and Pessiki
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and Johnson [4] evaluated the feasibility of impact-echo
method to determine setting time and to monitor strength
development of concrete. Also, Pessiki and Johnson [4]
used the impact-echo method to estimate the in-place
strength of concrete in plate-like elements, such as slabs
and walls.

The objectives of this study are to compare the dynamic
elastic modulus measured by the impact-echo method with
the static elastic modulus or compressive strength deter-
mined from a uniaxial compression test and to investigate
whether the relationships between dynamic and static elastic
moduli or compressive strength are affected by temperature
and age.

2. Experimental program
2.1. Experimental variables

Experimental variables are cement type, water—cement
ratio, curing temperature, and testing age; the details are
tabulated in Table 1. This research was planned as a part
of the project that investigated the material properties of
concrete used in the containment building of nuclear
power plant. Thus, dynamic elastic modulus of Type V
cement concrete used in mass concrete structures, such as
the containment building, was measured at different ages
for curing temperatures of 10, 23, and 50 °C. Also,
dynamic elastic modulus of Type I cement concrete cured
at 23 °C were measured at different ages and the results
were compared with those of Type V cement concrete.

2.2. Materials

Material properties of cement, sand, and coarse aggregate
are shown in Table 2 and the chemical properties of the
cements are provided in Table 3. River sand and crushed
stone were used, and the maximum coarse aggregate size
was 19 mm.

2.3. Mixture proportions

Table 4 shows the mixture proportions. Fine aggregate—
aggregate ratios were 0.39 and 0.42. The cement contents
were 362 and 452 kg/m® according to water—cement ratio,
and the water content of all mixtures was 181 kg/m>. The
quantities of air entraining agent and superplasticizer are
given as the mass ratio of cement.

Table 1
Testing variables

Cement type Water—cement Age Curing temperature
ratio (days) (°C)

Type 1 0.40, 0.50 1,3,7,28 23

Type V 0.40, 0.50 1,3,7,28 10, 23, 50

Table 2
Material properties

Type I Type V Fine Coarse
cement cement aggregate aggregate

Type - - river crushed stone (granite)
sand (max size: 19 mm)
Specific Surface 3315 3210 - -
(cm’/g)
Specific Gravity 3.15 3.15 2.55 2.58
Fineness modulus - - 2.95 7.23
28-day compressive 40 35 - -

strength (MPa)

2.4. Test methods

After mixing the concrete, cylinders were cast in
100 X 200 mm paper molds and put into curing chambers
within 30 min. Subsequently, cylinders including paper
molds were cured in the chambers at 100% humidity and
target temperatures of 10, 23, and 50 °C. Paper molds were
removed after 24 h and specimens were cured in the
chamber until test ages of 1, 3, 7, and 28 days. The cylinder
ends were ground flat before testing. The results from three
replicate specimens were averaged. Compressive strength
was measured according to ASTM C 39 and elastic modulus
was according to ASTM C 469. Concrete strain gages
measured strains, and the strains and stresses were accumu-
lated using the system 4000 produced by the Measurement
Group.

Dynamic elastic modulus was estimated by the im-
pact-echo method [2,3]. Fig. 1 shows a schematic of the
impact-echo technique used in this study. A small
diameter steel sphere (b 8 mm) was used as the impact
source. The sphere was dropped onto the top surface of
a cylindrical specimen, and an accelerometer measured
the vertical motion produced by the arrivals of reflected
P wave. A dynamic signal analyzer was used to record
and process the waveform. The pulse generated by
impact undergoes multiple reflections between the top
and bottom surfaces of cylinder, and the recorded wave-
form has periodic characteristic. The travel path of P
wave between successive arrivals at the top surface is
twice the length L of cylinder. The periodicity of the
waveform was obtained by transforming the time domain
waveform into the frequency domain using the fast

Table 3
Chemical composition of cements

Type I cement (%) Type V cement (%)

Calcium oxide, CaO 63.03 63.53
Silicon dioxide, SiO, 20.57 21.74
Aluminum oxide, Al,O3 5.48 3.18
Magnesium oxide, MgO 341 3.11
Ferric oxide, Fe,0O3 3.18 4.71
Sulfur trioxide, SO; 2.23 1.87
Potassium oxide, K,O 0.80 0.59
Loss on ignition 1.24 0.53
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Table 4
Basic mixture proportions

Cement type Water—cement ratio Sand-—aggregate ratio Quantity (kg/m®)
Water Cement Sand Gravel Admixture
AE agent Superplasticizer
(cement X %) (cement X %)
Type I, V 0.40 0.39 181 452 630 989 0.005 0.5
Type I, V 0.50 0.42 181 362 707 989 0.005 0.5

Fourier transform technique. The largest amplitude peak
occurred at the fundamental resonant frequency, and this
frequency was used to estimate the P wave velocity as
follows.

Ve =fi2L (1)

where V. is P wave velocity, f; is the resonant frequen-
cy of first longitudinal mode, and L 1is the cylinder
length. The dynamic elastic modulus is obtained from
the following equation:

Eq=pV? (2)

where E4 is the dynamic elastic modulus andp is the

density of the specimen [2]. The density was obtained

dividing mass of specimen with calculated volume.

3. Results and discussion

3.1. Relationship between static and dynamic elastic moduli
Experimental results of compressive strength, static,

dynamic, initial chord elastic moduli, and density are shown

in Table 5. Figs. 2—5 present the relationships between static
and dynamic elastic moduli according to cement type,

Impact point

Ej Acceldrometer

L Concfete cylinder

N

Fig. 1. Schematic of impact-echo test.

curing temperature, and aging. The following equation is
used to represent the relationship between static and dy-
namic elastic moduli.

E. = Eg(1 — ae "Fa) (3)

where E. is the static elastic modulus (GPa), E4 is the
dynamic elastic modulus (GPa), a and b are constants. r
in figures is the coefficient of determination. Eq. (3)
includes the following characteristics of the relationship
between static and dynamic elastic moduli. If the strength
of concrete increases, the dynamic elastic modulus
increases, and the stress—strain curve in the range less
than 40% of the compressive strength becomes more
linear. As the linearity of the stress—strain curve
increases, the difference between static and dynamic
elastic moduli decreases. In other words, at high dynamic
elastic modulus, there is less difference between static and
dynamic elastic moduli. Secondly, static elastic modulus
is zero if dynamic elastic modulus is zero. Based on these
two characteristics, Eq. (3) was suggested.

Fig. 2 shows the relationship between static and dy-
namic elastic moduli of concrete cured at 23 °C and made
with two cement types. As shown in Fig. 2, the cement
type does not have a significant effect on the relationship
between static and dynamic elastic moduli. The conclusion
can be confirmed by comparing the regression curve for
Type V cement concrete from this study with the relation-
ship obtained by other researchers for Type I cement
concrete [5]. Fig. 3 shows the regression curves of Type
V cement concrete obtained from this study, which
includes data of concrete cured at 10 and 50 °C, and the
relationship obtained by others for Type I cement concrete.
The range of experimental data is indicated by the two
dotted vertical lines. Fig. 3 shows that the relationship
between static and dynamic elastic moduli of Type V
cement concrete obtained in this study is similar to that
of Type I cement concrete.

Fig. 4 shows experimental results and regression curves of
Type V cement concrete for different curing temperatures. As
shown in Fig. 4a, for the same dynamic elastic modulus, the
static elastic modulus of concrete with 0.40 water—cement
ratio increases slightly with increasing curing temperature.
This trend is greater in concrete with 0.50 water—cement
ratio. As shown in Fig. 4b, the ratio of static to dynamic
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Cement Water—cement Temperature Age Compressive Static elastic Dynamic elastic Initial chord elastic Unit weight
type ratio (°C) (days) strength (MPa) modulus (GPa) modulus (GPa) modulus (GPa) (kg/m®)
Type 1 0.40 23 1 21 20 29 24 2330
22 21 29 24 2380
20 20 29 24 2380
3 31 24 34 26 2360
32 24 34 28 2360
32 23 34 28 2380
7 38 26 36 32 2360
37 26 37 32 2360
35 26 36 28 2320
28 43 29 38 32 2340
36 31 38 36 2350
35 32 38 36 2350
0.50 23 1 11 17 25 18 2370
12 17 25 18 2350
11 16 24 20 2350
3 22 23 31 26 2340
22 22 31 27 2330
21 22 30 24 2340
7 28 24 34 28 2340
25 25 34 28 2350
28 24 34 28 2350
28 35 27 37 31 2350
37 28 37 32 2370
36 27 37 32 2360
Type V 0.40 10 1 4 6 13 10 2380
3 7 14 12 2390
4 7 14 12 2390
3 16 17 28 24 2390
16 18 28 24 2370
17 20 28 26 2370
7 25 25 34 31 2370
24 22 34 29 2370
25 23 32 30 2380
28 32 25 36 31 2390
35 26 36 32 2370
33 26 37 35 2370
23 1 11 15 25 22 2380
12 15 24 22 2380
13 17 25 23 2350
3 22 24 33 30 2360
24 23 32 27 2370
25 21 32 26 2380
7 29 26 35 30 2370
29 27 35 31 2360
30 28 35 33 2370
28 38 29 38 35 2370
40 29 39 35 2420
38 28 39 36 2420
50 1 22 21 30 29 2370
20 20 29 27 2380
22 21 29 26 2370
3 30 25 34 30 2370
31 25 34 33 2380
32 24 34 29 2370
7 36 25 34 30 2350
37 26 35 36 2360
35 26 35 35 2380
28 45 28 35 35 2340
45 27 36 36 2360
45 26 35 34 2350
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Table 5 (continued)

Cement Water—cement Temperature Age Compressive Static elastic Dynamic elastic Initial chord elastic Unit weight
type ratio (°C) (days) strength (MPa) modulus (GPa) modulus (GPa) modulus (GPa) (kg/m?)
Type V 0.50 10 1 2 2 7 5 2350
2 4 7 10 2350
2 5 8 8 2380
3 10 13 24 21 2360
11 14 25 22 2360
12 15 26 23 2370
7 18 19 31 28 2330
18 18 31 27 2310
16 18 30 26 2390
28 22 21 33 27 2370
26 23 35 32 2380
26 24 33 33 2370
23 1 7 13 20 16 2360
7 12 21 17 2370
7 12 19 18 2390
3 17 21 30 31 2360
17 19 30 28 2370
17 19 30 27 2360
7 22 23 32 29 2360
22 22 33 30 2370
22 24 34 31 2370
28 29 27 37 34 2370
31 27 36 32 2350
50 1 10 16 25 21 2370
10 15 24 20 2340
11 16 24 23 2360
3 17 18 28 26 2330
17 21 29 30 2340
18 19 29 28 2340
7 21 24 30 29 2380
23 22 31 28 2280
24 25 32 30 2340
28 26 24 33 28 2270
28 25 32 31 2320

elastic moduli increases with increasing curing temperature
and the slopes of concretes cured at high temperatures are
larger than those of concrete cured at low temperature. Since
the quantity of experimental data of this study is small and
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Fig. 2. Relationship between dynamic and static elastic modulus for two
cement types and curing at 23°C.

there are few experimental researches investigating the effect
of curing temperature on the relationship between dynamic
and static elastic moduli, confirming the trend needs to
accumulate more experimental data.
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Fig. 3. Comparison of regression curves of static and dynamic elastic
moduli for different cement types.
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(a) Water-cement ratio=0.40

slope of a line from a point representing a longitudinal
strain of 10x 10~ ° to a point having a strain of
50 x 10~ °, and this definition was given considering the
strain resolution of concrete strain gage. This initial chord
elastic modulus was compared with the dynamic elastic
modulus.

Fig. 6 compares the dynamic with the static and
initial chord elastic moduli. As expected, the difference
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Fig. 4. Relationships between dynamic and static elastic moduli for
different curing temperatures. (a) Water—cement ratio=0.40. (b) Water—
cement ratio =0.50.

Fig. 5 compares dynamic with static elastic modulus
at different ages. Since experimental data have dissimilar
ranges for different ages, the comparison between dy-
namic and static elastic moduli cannot be accurately
carried out according to ages. Therefore, evaluating the
influence of age on the relationship between dynamic
and static elastic moduli needs more experimental
researches.

3.2. Relationship between initial chord and dynamic elastic
moduli

Because dynamic elastic modulus can be assumed to be
the tangent elastic modulus at low strain, static elastic
modulus measured at low strain may have values similar to
dynamic elastic modulus. It has been reported that the
impact-echo test measures dynamic elastic modulus at a
strain of about 6 x 10 ~° [6]. To confirm the assumption,
the “initial chord elastic modulus” was defined as the

between initial chord and
smaller than that between
modulus.

As previously done for

dynamic elastic moduli is
static and dynamic elastic

static elastic modulus, the

relationship between initial chord and dynamic elastic
moduli was analyzed for various cement types, curing
temperatures, and ages. Fig. 7 compares initial chord with
dynamic elastic modulus according to cement type. As
shown in Fig. 7, the initial chord elastic modulus of Type I
cement concrete is slightly larger than those of Type V
cement concrete. Figs. 8 and 9 show the relationships
between initial chord and dynamic elastic moduli for
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Fig. 5. Dynamic and static elastic moduli for different test ages. (a) Water—
cement ratio=0.40. (b) Water—cement ratio=0.50.
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Fig. 6. Relationships among dynamic, static, and initial chord elastic moduli.

different curing temperatures and ages. Although the
figures show that curing temperature and age do not have
a significant influence on the relationship, confirming the
trend needs more experimental researches.

3.3. Relationship between compressive strength and dy-
namic elastic modulus

Compressive strength is an important material property
in design and construction of concrete structures. Using
compressive strength, design codes estimate many material
properties, such as splitting tensile strength, creep, shrink-
age, etc. Thus, it is valuable to investigate the relationship
between compressive strength and dynamic elastic modu-
lus. Figs. 10, 11, and 12 show the variation of the
relationships between compressive strength and dynamic
elastic modulus according to cement type, curing temper-
ature, and age, respectively. The following equations were
used to analyze the relationships.
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Fig. 7. Dynamic and initial chord elastic moduli for different cement types
and curing at 23 °C.
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Fig. 8. Dynamic and initial chord elastic moduli for different curing
temperatures.

For Type I portland cement concrete,

= ocEf = a[Eq(1 — 0_492e—0.01775d)]ﬁ )
For Type V portland cement concrete,
= 2Bl = alEq(1 — 0708600084 )

where f. is compressive strength (MPa) and o and f§ are
constants. Many researchers [7] and design codes [8] used
the equation £ =oE.” to analyze the relationship between
static elastic modulus and compressive strength. Therefore,
Egs. (4) and (5) are formulated to obtain the relationship
between compressive strength and dynamic elastic modulus.

As previously done for static and dynamic elastic
moduli, the relationship between compressive strength
and dynamic elastic modulus is investigated for various
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Fig. 9. Dynamic and initial chord elastic moduli for different test ages.
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Fig. 10. Relationships between dynamic elastic modulus and compressive
strength for different cement types.

cement types, curing temperatures, and ages. Fig. 10
compares the relationships for the cement types. As shown
in Fig. 10, for the same dynamic elastic modulus, com-
pressive strengths of Type I cement concrete are slightly
larger than those of Type V cement concrete, but the
differences are not greater than 5%.

Fig. 11 shows the relationship between compressive
strength and dynamic elastic modulus for different curing
temperatures. The regression curve of concrete cured at 10
°C is similar to that of concrete cured at 23 °C, but concrete
cured at 50 °C has a different relationship. Fig. 11 also
compares the experimental results with the American Con-
crete Institute (ACI) equations. The ACI proposes two
different equations for the relationship between static elastic
modulus and compressive strength according to compres-
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Fig. 11. Relationships between dynamic elastic modulus and compressive
strength for different curing temperatures.
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Fig. 12. Dynamic elastic modulus and compressive strength for different
test ages.

sive strength. The ACI 318 model (E. = 4700./f) is
suggested for ordinary strength concrete and, the ACI 363
model (E. = 3300+/f’ + 6900) for high-strength concrete
[8,9]. The dynamic elastic modulus curves for the ACI
models were obtained by converting static to dynamic
elastic modulus using Eq. (3). The relationship between
dynamic elastic modulus and compressive strength of
concrete cured at 50 °C is similar to the ACI 363 model
and those of concrete cured at 10 and 23 °C are similar to
the ACI 318 model. But, it is difficult to generalize the
tendency because there are few experimental researches
investigating the effect of curing temperature on the rela-
tionship between dynamic elastic modulus and compressive
strength.

Fig. 12 shows the relationship between compressive
strength and dynamic elastic modulus for different ages.
Since experimental data have dissimilar ranges for different
ages, the comparison between compressive strength and
dynamic elastic modulus cannot be accurately carried out
according to ages.

4. Conclusions

In this study, dynamic and static elastic moduli and
compressive strength were experimentally measured as a
function of curing temperature, age, and cement type. The
relationships between dynamic and static elastic modulus or
compressive strength were estimated using new prediction
equations. The following conclusions can be made from the
results.

1. Cement type (Types I and V cement) and age (less than
28 days) do not have a significant effect on the
relationship between static and dynamic elastic moduli.

2. The ratio of initial chord elastic modulus, which is
measured at lower strain level of stress—strain curve, to
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dynamic elastic modulus is close to 1. Curing temper-
ature, age, and cement type do not have a large influence
on the relationship between initial chord and dynamic
elastic moduli.

3. The relationship between dynamic elastic modulus and
compressive strength of concrete cured at 50 °C is
different than for concrete cured at 10 and 23 °C.
However, the relationship is not significantly influenced
by cement type and age.

4. Experimental equations are proposed for relationships
between dynamic and static elastic modulus or com-
pressive strength.
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