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An experimental investigation into the behavior of short reinforced
high-strength concrete columns is described. Thirty reinforced
concrete columns, either 240 mm diameter circular or 240 mm
square and 720 mm high, containing different confining reinforce-
ment configurations, yield strengths of transverse reinforcement,
and concrete compressive strengths, were subjected to concentric
loads to failure at different strain rates. Results presented include
an assessment of the effect of strain rate, different concrete com-
pressive strength, amount and distribution of longitudinal steel,
and amount of distribution of transverse steel. A stress-strain curve
for confined high-strength concrete loaded at a high strain rate
(comparable with seismic loading) is proposed and compared with
the curve based on tests conducted at low strain rates.

Keywords: column; high-strength concrete; reinforced concrete; reinforce-
ment; stain; stress.

INTRODUCTION
During severe earthquake ground motion, cyclic loading

with high strain rates is imposed on a structure. It was pre-
dicted that for a very rigid structure with a short fundamental
period of approximately 0.1 s, the rate of straining at some
critical regions could be as high as 0.025 per s.1 To calculate
the seismic resistance of the structure, the constitutive relation-
ship of concrete and steel over a wide range of strain rates is
required. The effect of high rate on the behavior of plain and
confined concrete has received much attention from many
researchers. These studies are essentially limited to normal
strength concrete with fc′  ranging from 20 to 40 MPa, and
normal yield strength reinforcement (fyh less than 500 MPa).
Extensive research conducted by Scott et al.,2 Soroushian et
al.,3 Mander et al.,4 Fu et al.,5,6 and Dodd and Cooke7 inves-
tigated the effect of strain rate on the behavior of normal
strength concrete. They all found that as the strain rate in-
creased: 1) the compressive strength, secant modulus of elas-
ticity, and slope of the descending branch in the concrete
stress-strain curve all increase; and 2) the maximum strain at
failure decreases while the strain at maximum stress might
decrease or increase, depending on the rate of straining.

With the possible increased utilization of high-strength
concrete together with high yield strength of reinforcement
for general structural applications, a concern is whether the
current understanding of normal strength concrete under
high strain rate is applicable to high-strength concrete under
high strain rate. Limited information5,6 is available on the
behavior of high-strength concrete under high strain rates,
such as those that would be experienced during earthquakes.
There is no detailed technical information available in the
two major state-of-the art reports on high-strength concrete
published by ACI Committee 363 (“High-Strength Con-
crete”)8 and FIP/CEB.9 This paper presents the results of an
investigation in which a range of semi-full-size specimens

were tested under conditions that simulated seismic condi-
tions. Thirty reinforced high-strength concrete columns (fco′
ranging from 52 to 82.5 MPa) with concrete cover and lon-
gitudinal and transverse reinforcement, were subjected to
concentric loading to failure at different strain rates. Full de-
tails of the tests were reported elsewhere by Li Bing et al.10

EXPERIMENTAL PROGRAM
To obtain some information about the behavior of con-

fined high-strength concrete under dynamic loading, three
different unconfined concrete compressive strengths were
selected: 52; 76; and 82.5 MPa. Both square and circular sec-
tion shapes were selected, both being common in practice.
Two different types of reinforcement were used: Grade 430
normal yield strength, and Ulbon high yield strength. Based
on the consideration that the axial compression load was lim-
ited by the capacity of the testing machine used, which can
produce 10 MN in compression, a column section width or
diameter of 240 mm was chosen. A cover thickness of 15 mm
to the outside of the hoops or spirals was adopted to mini-
mize the influence of the concrete cover and concentrate the
investigation on the confined core concrete. To obtain a uni-
form stress distribution in the central region of the column,
which was the instrumented test region, the aspect ratio was
made as 3 to 1. Figure 1 and 2 show the test specimens.

TEST SETUP AND INSTRUMENTATION
Concentric vertical loading was provided by a 10 MN

electrohydraulic universal testing machine (shown in Fig. 3).
The steel reaction columns of the testing machine are stiff
enough to permit the machine to measure the descending
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Fig. 1—Short column with axial compressive loading: princi-
pal dimensions; test setup; instrumentation; and position of
strain gages.
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branch of the load-strain curve of the test specimens. The
tests were conducted at a controlled rate of longitudinal com-
pressive strain of 0.0167/s. The high strain rate adopted
could be regarded as indicative of the strain rate expected
during the response of reinforced concrete to earthquakes. 

The longitudinal concrete strains in the test units were
measured using two methods. The first method used the dis-
placement of the ram of the machine to give the overall
shortening of the test unit; this displacement was divided by
the height of the test unit. The second method used different
gage length linear potentiometers to measure the axial strain
of the specimen. Two 50 mm linear potentiometers were
used to measure strains over the anticipated failure regions
(central part of the specimen) over a gage length of approxi-
mately 300 mm. Two other linear potentiometers were used
to measure strains over length of the specimen (a 640 mm
gage). If the diagonal shear plane was formed, this larger
gage length could be used instead of the gage length over the
central part of the specimen.

Electrical resistance strain gages were attached to the inside
and outside of the transverse hoop bars and helixes at two or
three levels within the central part of specimens.

MATERIALS AND TEST UNITS
A local ready-mix plant supplied the high-strength con-

crete used for the test units. The mixture details are shown
in Table 1. The measured slumps of the concrete were all
approximately 120 mm. Typical stress-strain curves of rein-
forcement used are shown in Fig 4. Details of the test units
are shown in Table 2 and 3. 

TEST PROCEDURE
At the beginning, one specimen was tested at a low rate of

strain of 0.000011/s to obtain information for comparison
with other specimens tested at a rapid strain rate. All subse-
quent columns were tested at a rapid strain. To obtain the

rapid strain rate, the stroke control of the testing machine
was set to give an average strain rate of 0.0167/s.

TEST OBSERVATIONS
Unconfined high-strength concrete

The unconfined concrete cylinders and prisms of the same
size as the reinforced specimens, when tested dynamically at
the high strain rate, were observed to form fine vertical mi-
crocracks before reaching the maximum load. After the max-
imum load was reached, a large inclined crack formed that
led to a very explosive type of failure. The diagonal failure
plane developed at an angle of approximately 65 degrees to
the horizontal, as shown in Fig. 5. By comparison, normal
strength concrete normally undergoes a more gentle failure,
as observed in the tests by Scott et al.2 and Mander et al.4

Confined high-strength concrete
There was no significant difference in the behavior ob-

served for these confined high-strength concrete specimens
and the confined normal strength concrete specimens that
Scott et al. and Mander et al. tested. 

A diagonal failure plane was found to be a feature of col-
umns with relatively low confinement. This is the result of:
1) insufficient transverse reinforcement to prevent sliding
occurring along an inclined failure surface; and 2) the eccen-
tricity caused by uneven spalling of cover concrete. For col-
umns with a low level of confinement, the peak core stress
was always reached before spalling was completed, and the
eccentricity initially caused the failure to concentrate at one
face of the column. The cracks subsequently propagated
along a surface of weakness to form a diagonal failure plane.
The effectiveness of a given quantity of confinement gradu-
ally reduced with increasing concrete compressive strength.
Therefore, for a certain concrete compressive strength, a
minimum amount of confinement is needed to ensure desir-
able behavior under dynamic loading. Figure 6 shows that
just subsequent to peak load, at t = 0.7 s, an inclined crack
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Table 1—Mixture proportions for different 
compressive strengths of concrete

Contents

Weight, kg/m3

52 MPa 75 MPa 82.5 MPa

13 mm aggregate 1150 kg 1188 kg 1188 kg

Kaiapoi sand 600 kg 495 kg 495 kg

Yaldhurst sand 150 kg 124 kg 124 kg

Ordinary portland cement 400 kg 400 kg 410 kg

Superplasticizer 2 L 2.5 kg 2.5 L

Water 160 L 138 L 138 L

Silica fume solid — 40 kg 40 kg

w/c 0.40 0.345 0.337

Fig. 2—Typical reinforcement cages for concrete prisms and cylinders.
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rapidly developed, and crushing of the cover concrete was
more severe at the ends of the diagonal plane. The cover con-
crete spalled off as relatively large lumps of concrete.

For columns with a relatively large amount of confining
steel, the column failure mode gradually changed from diagonal
failure to random failure. For columns with high confine-

ment, the peak stress was always reached after spalling com-
pleted. Therefore, the failure concentration upon the surface
tended to be random in location and inclination, with no dis-
tinct formation of a failure plane. Figure 7 shows that vertical
cracks developed very symmetrically in this specimen, and
the cover concrete spalled off as large lumps. By t = 2.10 s, frac-
ture of some parts of the helixes had occurred, leading to a large
explosive failure. It was often found that after testing, the rig,
which connected the potentiometers, had inclined to one
side. This phenomenon indicates that initially plane sections
did not remain plane during the duration of the test. This oc-
curred despite the fact that the end sections remained plane
and parallel. This may have been due to very high, localized
strains associated with longitudinal bar buckling, which
caused local section distortion. As this happened towards
the end of testing, however, any errors in measured longitu-
dinal strain would not have been large. 

DISCUSSION OF TEST RESULTS
Behavior of unconfined high-strength concrete

The concrete compressive strength is sensitive to varia-
tions of strain rate. All of the test results in the literature in-

Table 2—Test specimen properties for square test units

Unit 
number fc′o, MPa

Strain rate 
per s

Longitudinal reinforcement Transverse reinforcement

Number 
of bars

Diameter, 
mm fy, MPa

Diameter, 
mm

Spacing, 
mm fyh , MPa ρs

1C 75.0 0.0167 4 12 443 6 20 445 2.63%

1B 75.0 0.000011 4 12 443 6 20 445 2.63%

2C 75.0 0.0167 8 12 443 6 20 445 4.48%

2B 75.0 0.000011 8 12 443 6 20 445 4.48%

4C 75.0 0.0167 4 12 443 6 35 445 1.50%

4B 75.0 0.000011 4 12 443 6 35 445 1.50%

5C 75.0 0.0167 8 12 443 6 35 445 2.56%

5B 75.0 0.000011 8 12 443 6 35 445 2.56%

7C 75.0 0.0167 4 12 443 6 50 445 1.05%

7B 75.0 0.000011 4 12 443 6 50 445 1.05%

8C 75.0 0.0167 8 12 443 6 50 445 1.79%

8B 75.0 0.000011 8 12 443 6 50 445 1.79%

10C 75.0 0.0167 4 12 443 6 65 445 0.08%

10B 75.0 0.000011 4 12 443 6 65 445 0.08%

11C 75.0 0.0167 8 12 443 6 65 445 1.38%

11B 75.0 0.000011 8 12 443 6 65 445 1.38%

3HB2 52.0 0.0167 8 12 443 6.4 35 1318 2.86%

3HB1 52.0 0.000011 8 12 443 6.4 35 1318 2.86%

1HC2 82.5 0.0167 8 12 443 6.4 20 1318 5.00%

1HC1 82.5 0.000011 8 12 443 6.4 20 1318 5.00%

3HC2 82.5 0.0167 8 12 443 6.4 35 1318 2.86%

3HCl 82.5 0.000011 8 12 443 6.4 35 1318 2.86%

Table 3—Test specimen properties for circular test units

Unit 
number

fc′o 
MPa

Strain rate 
per s

Longitudinal reinforcement Transverse reinforcement

Number 
of bars

Diameter, 
mm fy, MPa

Diameter, 
mm

Spacing, 
mm fyh, MPa ρs

6C 75.0 0.0167 6 12 443 6 35 445 1.53%

6B 75.0 0.000011 6 12 443 6 35 445 1.53%

12C 75.0 0.0167 6 12 443 6 65 445 0.82%

12B 75.0 0.000011 6 12 443 6 65 445 0.82%

4HB2 75.0 0.0167 6 12 443 6.4 35 1318 1.68%

4HBl 75.0 0.000011 6 12 443 6.4 35 1318 1.68%

2HC2 75.0 0.0167 6 12 443 6.4 65 1318 2.94%

2HCl 75.0 0.000011 6 12 443 6.4 65 1318 2.94%

Fig. 3—Typical stress-strain curves for Grade 430 and high-
strength reinforcing steel.
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dicate that the strength of concrete increases as the strain rate
increases. The magnitude of the enhancement seems to be
linked to moisture content and the extent of cracking within
the concrete. The strength of wet concrete is relatively more
sensitive to a change in strain rates than dry concrete. The
higher the concrete compressive strength, the less sensitive
the concrete strength is to strain rate. Based on Dodd and
Cooke’s7 review, strength enhancement from dynamic load-
ing should either be ignored or considered constant. If a con-
stant dynamic magnification factor is to be chosen, a value of
1.2 could be used assuming a strain rate of 0.001 to 0.01 per s. 

To verify the previously cited assumption for high-strength
concrete, an additional 16 plain cylinders with 200 x 100 mm
diameter of two strengths were studied at strain rate ranging
from 0.000004 to 0.01/s. The concrete compressive strength
under static loading was either fco ′ = 58 or 75 MPa. It was
found that the compressive strength increased with increasing
strain rate, but the rate of increase of strength of these two

concrete mixtures under dynamic loading was quite differ-
ent. For fco ′ = 58 MPa, the increase in compressive strength
due to dynamic loading at the strain rate of 0.01/s was found
to be 58%. For concrete with fco ′ = 75 MPa, only a 13% in-
crease was observed. It can be concluded that high strain rate
appears to have a less profound effect on the compressive
strength of high-strength concrete.

In the past, some equations for the strength magnification
factor Df of unconfined high-strength concrete have been
proposed.

Mander et al.4 proposed a Df based on the results of
Watstein11

(1)

Ahmad and Shah12 proposed a Df based on their test results

(2)

where
ε = strain rate in microstrain per s; and
α = 0.85 + 0.004(d) – 0.008(h) for h/d ≥ 5.
Dilger et al.13 proposed a simple unified Df that does not ac-
count for the concrete compressive strength

(3)

Df

1 ε
0.035 fco′( )
--------------------------

1
6
---

+

1 0.000001

0.035 fco′( )2
-----------------------------

1
6
---

+

-----------------------------------------------=

Df 0.95 1.86 ε( )log
fco′

---------------+ α=

Df K1 K2 ε( )log+=

Fig. 5—Test sequence of normal (fco′ = 35 MPa) and high- (fco′ = 83 MPa) strength unconfined
concrete units at the high strain rates (0.0167/s).

Fig. 4—Test unit setup in testing machine.
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where
ε = strain rate in mm/mm per s;
K1 = 1.14 and K2 = 0.03 for ε < 16 µ ε/s; and
K1 = 1.38 and K2 = 0.08 for ε > 16 µ ε/s.

Soroushian et al.3 presents a Df based on previous work by
Scott et al.2 and Dilger et al.13 The Df is also independent of
the concrete compressive strength, but the effect of the mois-
ture content was considered

(4)

where
K1 = 1.48, K2 = 0.206, and K3 = 0.0221 for dry concrete;
K1 = 2.54, K2 = 0.580, and K3 = 0.0543 for wet concrete;
and
K1 = 1.48, K2 = 0.160, and K3 = 0.0127 for all concrete.

Df K1 K2 ε( ) K3 ε( )log( )2
+log+=

Fig. 7—Photographs showing test sequence of high-strength concrete unit with normal yield
strength rectilinear confinement at the high strain rate (0.0167/s).

Fig. 6—Photographs showing test sequence of high-strength concrete unit with high yield
strength rectilinear confinement at high strain rate (0.0167/s).
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The test results for different fco ′ are compared with the Df
proposed by different researchers. For moderate fco′ , the re-
sults are not in good agreement with the Df proposed by dif-
ferent researchers. For high fco′ , the Df proposed by Mander
et al.4 and Ahmad and Shah12 provides a reasonably accurate
prediction.

Many researchers have found that the curing condition de-
termines the magnitude of the effect of strain rate on the
compressive strength of concrete. Kaplan14 tested a large
number of concrete prisms and cylinders to investigate the
relationship between concrete strength and loading rate for
concrete with various moisture contents and curing condi-
tions. Kaplan concluded that the moisture content of con-
crete is one of the principle variables affecting the
relationship between strength and loading rate. In this cur-
rent study, it was found that in the case of high-strength con-
crete, the strain rate effect is not as sensitive to the curing
condition as for normal strength concrete. There was no ob-
served difference in behavior between two cylinders with
different curing conditions; one was just out of the fog room,
and other had been dried in the air for 3 days, when tested un-
der the high strain rate of 0.01/s.

Behavior of confined high-strength concrete
Scott et al.2 tested a total of 20 reinforced normal strength

concrete specimens of identical dimensions (450 x 450 x 1200
mm) with different longitudinal and transverse reinforcement
configurations. The test results indicated significant increases
in the compressive strength of the concrete core as the strain
rate was increased. Also, the maximum concrete core stress
and strain at failure both increased as a result of better confine-
ment of the concrete core that was provided by an increase in
the volumetric ratio of transverse reinforcement ρs. 

In the current study, a total of 30 specimens were tested.
The B series of test units was loaded at a low strain rate, and
the C series of test units was loaded at a high strain rate. Ta-
ble 4 and 5 list the test results for square and circular section
test units.

Effect of confinement ratio—From Table 4 and 5, it is evi-
dent that for confined normal and high-strength concrete
under dynamic loading condition, an increase in the confine-
ment ratio increased the maximum core concrete stress fcc′
attained by up to 20% and decreased the slope of the de-
scending branch of stress-strain curve. An increase in hoop
or spiral spacing tended to reduce the efficiency of the con-
finement. High-strength concrete specimens appeared to be

Table 4—Details of test results for square section units

Unit number fco′ , MPa Εc, MPa DE fcc′ ,  MPa Df ε′cc Dε

1C 75.0 45,766 1.29 99.12 1.17 0.0056 0.93

1B 75.0 35,430 1.00 84.76 1.00 0.0060 1.00

2C 75.0 34,283 0.97 117.2 1.09 0.0078 1.08

2B 75.0 35,429 1.00 107.4 1.00 0.0072 1.00

4C 75.0 31,700 1.37 87.78 1.08 0.0035 0.88

4B 75.0 23,118 1.00 81.23 1.00 0.0040 1.00

5C 75.0 33,291 0.98 97.17 1.20 0.0054 1.04

5B 75.0 35,429 1.00 81.04 1.00 0.0052 1.00

7C 75.0 34,515 0.97 82.21 0.98 0.0034 0.88

7B 75.0 35,429 1.00 84.22 1.00 0.0038 1.00

8C 75.0 34,191 1.11 91.17 1.13 0.0060 1.10

8B 75.0 30,931 1.00 80.48 1.00 0.0055 1.00

10C 75.0 32,329 0.91 79.38 1.09 0.0026 1.00

10B 75.0 35,429 1.00 73.12 1.00 0.0026 1.00

11C 75.0 30,235 1.03 81.63 1.08 0.0042 0.98

11B 75.0 29,413 1.00 75.83 1.00 0.0043 1.00

3HB2 52.0 29,375 1.06 79.41 0.97 0.0181 0.60

3HB1 52.0 27,664 1.00 81.71 1.00 0.0300 1.00

1HC2 82.5 36,419 1.09 149.9 1.00 0.0145 0.73

1HC1 82.5 33,297 1.00 149.3 1.00 0.0200 1.00

3HC2 82.5 38,829 1.29 112.2 1.09 0.0038 0.24

3HC1 82.5 30,202 1.00 103.2 1.00 0.0160 1.00

Table 5—Details of test results for circular section units

Unit number fco ′ , MPa Εc, MPa DE fcc ′ , MPa Df εcc′ Dε

6C 75.0 42,926 1.29 108.8 1.17 0.0054 1.04

6B 75.0 33,233 1.00 92.7 1.00 0.0052 1.00

12C 75.0 28,854 0.88 81.16 1.25 0.0032 1.60

12B 75.0 32,708 1.00 64.74 1.00 0.0020 1.00

4HB2 52.0 29,256 1.02 86.40 0.98 0.0121 0.61

4HB1 52.0 28,775 1.00 87.6 1.00 0.0200 1.00

2HC2 82.5 35,523 1.24 144.5 0.99 0.0130 0.93

2HC1 82.5 28,423 1.00 145.3 1.00 0.0140 1.00
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much more sensitive to changes in the confinement ratio than
normal strength concrete specimens. 

Effect of strain rate—For high-strength concrete specimens
confined by normal yield strength steel, an increase in the rate
of strain to 0.0167/s resulted in approximately an 11% in-
crease in the maximum concrete core stress fcc′ . The average
values taken from strain gages that were reading at the same
level indicated that the normal yield strength steel was very
close to or barely greater than the strain at the yield of the
transverse reinforcement. This finding is independent of con-
crete compressive strength. Hence, it can be concluded that it
is reasonable to take the normal yield strength of the trans-
verse steel when calculating the confining stress. This increase
in the peak stress during the high strain rate is approximately
50% smaller; the increase in the peak stress in normal strength
concrete was approximately 25%, predicted by Scott.2

For specimens confined by high yield strength steel, an
increase in the rate of strain did not result in a significant
increase in the maximum concrete stress fcc′ . When the
peak strength of the confined concrete is reached, the aver-
age value of the strain gages reading at the same level was
always less than the strain at the commencement of yield of
the high yield strength steel. This indicates that full con-
finement is delayed and hence, its main contribution is that
it maintains the ductility, but the strength gain may be much
smaller. Therefore, the full high yield strength steel can not
be used when calculating the confining stress. Also, it seems
that change in section shape from circular to square had no
obvious effect.

Hence, although some strength enhancement was ob-
served in the dynamic tests, it was evident that the effect of
dynamic loading on concrete compressive strength reduces
when high-strength concrete is used. Dodd and Cooke7 have
suggested that strength enhancement due to dynamic loading
should be either ignored or considered constant. Based on
this study, if a constant magnification factor is to be chosen,
a value of 1.1, assuming a high strain rate of up to 0.01, could
be used for high-strength concrete confined by normal yield
strength steel. A dynamic magnification factor of 1.0 is sug-
gested for high-strength concrete confined by high yield
strength steel.

Effect of strain rate on strain at peak stress Dε
In the literature, there is no agreement about the effect of

strain rate on the corresponding strain at peak stress. Differ-
ent researchers have proposed contradictory trends. This
may be the result of different gage lengths used by different
researchers. In this study, for high-strength concrete con-
fined by normal yield strength steel, the effect of strain rate
on the strain at the peak stress was very small. For high-
strength concrete confined by high yield strength steel, how-
ever, a large decrease in the strain at the peak stress was ob-
served at high strain rates. This decrease was as much as 35%.

There are two main causes for reduction in strain at peak
stress for high-strength concrete confined by high yield
strength steel. First, time available for internal microcrack-
ing development or propagation is significantly reduced dur-
ing high strain rate loading. Second, the presence of high
yield strength confinement reinforcement greatly prevents
excessive growth of the internal microcracking and stimu-
lates the nucleation of those cracks. Hence, based on these
test results, it is suggested that the strain rate should be con-
sidered to have no effect on the strain at peak stress for high-
strength concrete confined by normal yield strength steel.
For high-strength concrete confined by high yield strength

steel, the modification factor for the strain at peak stress due
to dynamic effect Dε can be assumed to be 0.65.

Effect of strain rate on stiffness enhancement DE
It was observed that there was a slight increase in the mod-

ulus of elasticity with an increase in strain rate, but this in-
crease was much less significant than the corresponding
increase in compressive strength of concrete based on previ-
ously reported summaries. In this study, it was found that
columns with high levels of confinement were much more
sensitive to changes in the modulus of elasticity Ec due to
high strain rates, than columns with relatively low levels of
confinement. For columns confined by normal yield strength
steel, it seems that the modulus of elasticity did not change
with strain rate. The exceptions were columns confined by
high yield strength steel, where an average 13% increase in
the modulus of elasticity under dynamic loading was found.
Based on test results, it is suggested that the stiffness en-
hancement factor DE due to high strain rate for concrete con-
fined by the two different types of confining reinforcement
can be taken as 1.1.

Effect of strain rate on trends in stress-strain 
curve behavior of confined concrete

In general, there were no differences between the behavior
of high-strength concrete columns and normal strength con-
crete columns loaded at different strain rates with respect to
trends in the stress-strain curve behavior. An increase in the
rate of strain resulted in an increase or maintenance of fcc′ ,
and the modulus of elasticity depended on the level of con-
finement. The common finding regarding stress-strain curve
behavior was an increase in the slope of the descending
branch of the stress-strain curve under dynamic loading.

COMPARISON OF TEST RESULTS WITH STRESS-
STRAIN CURVE FOR HIGH-STRENGTH 

CONCRETE
Experiment stress-strain curves for core concrete

The longitudinal load carried by the confined core at a giv-
en longitudinal strain can be obtained from the load carried
by the column less the load carried by the cover concrete ob-
tained from measured stress-strain curves for the uncon-
fined concrete, and less the load carried by the longitudinal
reinforcement as obtained from the measured stress-strain
curves for the steel. Then, the stress carried by the confined
concrete can be obtained by dividing that load by the area of
the concrete core, taken as the area outside of the transverse
reinforcement. Comparison of experimental stress-strain
curves for the confined concrete of the units for high and low
strain rates are shown in Fig. 8, 9, and 10.

Stress-strain curves proposed by Bing et al.10

Low strain rate—The stress-strain relation for confined
high strength concrete, proposed by Bing et al.,10 was de-
rived from tests with low strain rates. The stress-strain rela-
tion of confined concrete is given as follows

when 0 ≤ εc ≤ εcc

(5)

when εco ≤ εc ≤ εcc

fcd Ecεc

fco′ Ecεc–( )

εco
2

------------------------------εc
2

+=
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(6)

when εc > εcc

(7)

High strain rate—On the basis of the observed stress-
strain behavior in this study, the stress-strain relation pro-
posed by Bing et al.10 may be adapted for the high strain rate

fc fcc′
fcc′ fco′–( )
εc εcd–( )

--------------------------- εc εcc–( )2×–=

fc fcc′ β
fcc′
εcc

-------- εc εcc–( ) 0.4fcc′≥×–=

by applying multiplying factors to the peak stress, the strain
at the peak stress, modulus of elasticity, and the slope of the
falling branch. Thus, for the high strain rate, the stress-strain
relation is given by the following

when 0 ≤ εcd ≤ εccd

(8)

when εcod ≤ εcd ≤ εccd

fcd Ecdεcd

fco′ Ecdεcod–( )

εcod
2

-------------------------------------εcd
2

+=

Fig. 8—Comparison of stress-strain curves for core concrete of square core section confined by Grade 430 steel.
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(9)

when εcd > εccd

(10)

where
fccd = Df fcc′ ;

fcd fccd′
fccd′ fcod′–( )
εccd εcod–( )

-------------------------------- εcd εccd–( )2×–=

fcd fccd′ β
fccd′
εccd

---------- εcd εccd–( )× 0.25fccd′≥–=

Ecd = DEEc;
εccd = Dεεcc;
Df = 1.1 for high-strength concrete confined by Grade

430 steel;
Df = 1.0 for high-strength concrete confined by high

yield strength steel;
DE = 1.1 for high-strength concrete confined by both

Grade 430 and high yield strength steel;
Dε = 1.0 for high-strength concrete confined by Grade

430 steel; and
Dε = 0.65 for high-strength concrete confined by high

yield strength steel.

Fig. 9—Comparison of stress-strain curves for core concrete of square cross section confined by high-strength steel (fyh
= 1318 MPa).

Fig. 10—Comparison of stress-strain curves for core concrete of circular section confined by Grade 430 and high-
strength steel (fyh = 1318 MPa). 
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Circular confinement with ordinary strength steel—

(11)

(12)

 when fco′ < 80 MPa (13)

 when fco′ ≥ 80 MPa (14)

Rectilinear confinement with ordinary strength steel—

(15)

(16)

 when fco′ < 80 MPa (17)

 when fco′ ≥ 80 MPa (18)

Circular confinement with high yield strength steel—

(19)

 when fco′ ≤ 50 MPa (20)

 when fco′ > 50 MPa (21)

 when fco′ ≤ 50 MPa (22)

 when fco′ > 50 MPa (23)

 when fco′ ≤ 50 MPa (24)

 when fco′ > 50 MPa (25)

Rectilinear confinement with high-strength steel—

(26)

(27)

 when fco′ ≤ 50 MPa (28)

 when fco′ > 50 MPa (29)

 when fco′ ≤ 50 MPa (30)

 when fco′ > 50 MPa (31)

The previously stated analytical model developed in this
study was applied to the test results. Figure 8, 9 and 10 show
the comparison of the experimental and the proposed analyt-
ical curves. It should be noted that the agreement between
the analytical and the experimental results is reasonably
good. Thus, it is concluded that this model can be used for
the calculation of the stress-strain relationship of confined
high-strength concrete under dynamic conditions. 

CONCLUSIONS 
Based on the results of this investigation, the following

conclusions may be drawn:
1. The test results confirmed that high strain rates appear

to have a less profound effect on the stress-strain relationship
of high-strength concrete than on low- and moderate strength
concrete;

2. When the concrete compressive strength reached 75 MPa,
the compressive strength enhancement due to dynamic load-
ing appeared to become insensitive to the curing condition.
Also, the strength enhancement due to dynamic loading be-
came less with increase in concrete compressive strength;

3. For the test units confined by Grade 430 steel, a high
strain rate resulted in an almost 11% increase in the concrete
core compressive strength, a slight increase in the modulus
of elasticity, and an increase in the slope of the descending
branch of the stress-strain curve. The effect of strain rate on
the strain corresponding to the peak stress was much smaller
or nearly insignificant;

4. For the test units confined by high yield steel (fyh = 1318
MPa), an increase in the rate of strain may not result in an
increase in the concrete core compressive strength, but it

fcc′ fco′ 0.413– 1.413 1 11.4
fl

l

fco′
--------+ 2

fl ′
fco′
--------–+=

εcc

εco

------- 1.0 384
fl ′
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-------- 

  2
+=

εcu

εco

------- 2.0 143.5 1.48fco′–( )
fl ′
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--------+=

εcu

εco
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fl ′

fco′
--------+=

β 0.2 fco 80 MPa≤( )=
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fl

l

fco′
--------+ 2

fl ′
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--------–+=

εcc
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------- 1.0 384
fl ′
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-------- 

  2
+=
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--------+=
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fl ′
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--------+=

fcc′ fco′ 1.254– 2.254 1 7.94α s

fl
l
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fco′
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does increase the modulus of elasticity and the slope of the
descending branch of the stress-strain curve. A large de-
crease in the strain at the peak stress was observed;

5. There was no obvious effect of cross-sectional shape on
the behavior of the test units in this study; and

6. The proposed analytical stress-strain model for loading
conditions with high strain rate was found to give reasonable
predictions of the experimental behavior of high-strength
test units.
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NOTATIONS
db = nominal diameter of reinforcing bar
D = diameter or least lateral dimension of concrete unit
DE = dynamic factor for stiffness magnification
Df = dynamic factor for strength magnification
Dε = dynamic factor for strain at peak stress
Ec = Young’s modulus of elasticity for concrete under static loading
Ecd = Young’s modulus of elasticity for concrete under dynamic loading
Es = Young’s modulus of elasticity for steel
fc = concrete stress
fcc′ = confined concrete compressive strength under static loading
fccd′  = confined concrete compressive strength under dynamic loading
fcd = concrete stress under dynamic loading
fco′  = in-place unconfined concrete compressive strength under static 

loading
fl = transverse confining stress
fy = yield strength of steel in tension
fyh = yield strength of transverse reinforcing steel
sh = center-to-center spacing of spiral or hoop sets
εc = concrete compressive strain
εcd = concrete compressive strain under dynamic loading
εcc = strain at maximum confined strength of concrete fcc′  under 

static loading
εccd = strain at maximum confined strength of concrete fcc′  under 

dynamic loading
εco = compressive strain at maximum in-place unconfined concrete 

strength fco′  under static loading
εcod = compressive strain at maximum in-place unconfined concrete 

strength Df fco′ under dynamic loading

εy = yield strain of steel
ρs = volumetric ratio of confining reinforcement-to-core concrete
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