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Stress-Strain Relation of Confined Concrete under Dynamic Loading
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ABSTRACT: A dynamic compression test was carried out on 126 cylinder specimens, which has 75 mm in diameter
and 150 mm in height with or without confining spirals, in order to study strain rate effects on the stress-strain relation
of confined concrete. Test variables were strain rate (static to 0.1/s), original compressive concrete strength (30 MPa
to 54MPa), amount of confining spiral (unconfined to 2.0% in volume ratio), and its yield strength (300 MPa and 850
MPa). It was found that the unconfined concrete had a strong strain rate sensitivity with respect to the peak stress and
peak strain but the sensitivity decreased as the confining transverse stress increased. The enhanced peak stress
increased linearly with the confining transverse stress when specimens had a same strain rate.

1 INTRODUCTION

1.1 Background

A greatnumber of studies on confined concrete have been
conducted for decades and fundamental knowledge about
the confined concrete under static loading has been ac-
cumulated. Desayi et al. (1978), Park and Leslie (1977),
Watanabe et al. (1980), Mander et al. (1988), Fafitis
and Shah (1985) studied effects of shape, amount, and
yield strength of confining reinforcement and the original
compressive strength of concrete on the axial stress-strain
relation of confined concrete under static loading. They
proposed models to predict the stress-strain relation but
those models do not always agree with other experimen-
tal results.

Although fundamental knowledge have been ac-
cumulated on stress-strain relation of confined concrete
under the static loading, variations of those properties
under dynamic loading have not been clarified yet. If the
properties of concrete vary with the strain rate, the re-
sisting mechanisms of reinforced concrete members may
also differ from those under static loading, As a result,
experimental results under static loading may not be di-
rectly applied to predict behaviors under dynamic load-
ing. For example, when a member is designed based on
the experimental results under static loading, the unex-
pected shear failure may result if the dynamic effect in-
creases the flexural capacity with keeping shear capacity
constant. Strain rate effects on the axial stress-strain re-
lation have been studied by Ahmad and Shah (1985),
Dilger et al. (1984), Soroushian et al. (1986a, 1986b),
and Mander et al. (1988a, 1988b) but they do not agree
on factors which determine the stress-strain relation un-
der dynamic loading. In addition, they do not necessarily
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report a variation of confining pressure with the progress
of axial strain and it is not clear if the variation of peak
stress and peak strain resulted from strain rate effects or
confiningeffects.

1.2 Objectives

Atotal of one hundred twenty-six cylinder specimens with
75 mm in diameter and 150 mm in height was tested and
the change of axial strain, axial stress, and transverse strain
was measured in order to study the strain rate effects on
the compressive axial stress-strain relation of confined
concrete. Four test variables in the experiment were the
original concrete compressive strength, the amount and
the yield strength of confining spiral, and the strain rate.
Authors aim to predict a complete stress-strain relation
of confined concrete under dynamic loading but the out-
line and the main findings of the experiment are reported
in this paper. Two objectives in this paper are 1) to evalu-
ate the effect of strain rate, original concrete compressive
strength, amount and the yield strength of confining spiral
on the peak stress, the peak strain, and the transverse
stress at the peak, and 2) to observe the change of failure
modes for specimens under different strain rates.

2. EXPERIMENTAL SETUP

Figure 1(a)shows dimensions of cylinder specimens. Each
specimen has two steel tripods embedded at 35 mm from
the top and the bottom faces in order to measure the
relative axial displacement between these two locations.
The tip of each pod has a hole so that a bolt to fix the
measuring rig shown in Figure 1(b) can be fixed. In this
paper, the average relative displacement between two



Table 1. Specimen designations, test variables, and test results.

Specimen Test variables Test results
Concrete Spiral . .
Number of compressive Nofm'nal Volume Planned Average Average Strgl.n ‘rate Average Str:fl.n fate
Set Series tested strength yeld ratio Strain rate strain rate peak setsitivity of | Peak | sensiiviy .Of
sepcimens f strength v (1/6) stress peak stress strain peak strain
(Ml;a) £ ¢ . y | s (MPa) D; (%) D,
(MPa)
30ANO 3 3.10E.05 | 3.10E05 | 292 1.00 0.23 1.00
30BNO| 3 1.17E-03 | 1.30E-03 | 316 1.08 0.22 0.94
30NO oeno |3 None | None e 02| 1.695.02 | 339 1.16 0.17 0.74
30DNO 2 1.34E-01 | 1.32E-01 | 389 133 0.28 1.20
201 | 20AH 2 088 | 30E-05 [ 3.50B-05 | 36.0 1.00 192 1.00
30CHL 3 200 134E-02 | 1.44E-02 | 39.9 111 152 0.79
30AH2 | 3 850 3.10E-05 | 3.10E-05 | 632 1.00 2.87 1.00
sor2 | 20BH2 3 176 |Z0LE-03 | 18IB03 | 626 0.99 311 1.08
30CHZ | 3 134E-02| 1.37E-02 | 64.2 1.02 2.65 0.92
30DH2 | 3 134E-01 | 1.53E-01 | 666 1.06 2.57 0.89
30AL2 3 350E-05 | 3.50E-05 | 41.1 1.00 1.42 1.00
3002 5002 3 300 176 02| 14sB-02 | 243 1.08 115 0.81
32AN0| 3 4.80E-05 | 494605 | 318 1.00 0.24 1.00
32BNO 2 1.30E-03 | 1.67E-03 | 331 1.04 0.25 1.05
N I E None | None o 0r-02| 2.616-02 | 355 Ll 0.24 0.99
32DN0 | 2 1.30E-01 | 1.48E-01 | 417 131 0.29 122
32AH1 2 4.80E-05 | 4.78E-05 | 44.0 .00 2.03 1.00
som | 22CHL 3 000 |L30E-03| 134E:03 | 455 1.03 1.86 0.92
32AH1 3 a8 130E-02 | 1.45E02 | 454 1.03 1.64 0.81
32CHI 3 650 1.30E-01 | 1.71E-01 | 477 1.09 1.30 0.64
2AH2 | 2 4.80E-05 | 4.85E-05 | 816 1.00 3.30 1.00
sorp | 32BH2 | 2 g1 [L30E-03[ 13203 [ 787 0.96 3.17 0.96
32CHZ 3 1.30E-02 | 1.37E-02 | 80.0 0.98 2.96 0.90
32DH2 3 1.30E-01 | L47E-01 | 768 0.94 331 1.00
32411 3 350E-05 | 4.81E-05 | 38.3 1.00 0.81 1.00
il o0 3 3001 097 i p 02 [ 172802 | 409 1.07 0.70 0.86
35AN0 3 3.10E.05 | 3.30E-05 | 35.4 1.00 0.21 1.00
35BNO| 4 1.17E-03 | 1.23B-03 | 397 112 0.17 0.82
33N0 oo 3 None | None | er 02| 1.368.02 | 447 1.26 0.19 0.93
35DNO 2 1.34E.01 | 1.32E-01 | 469 1.32 0.25 121
35AHL 2 3.10E-05 | 3.10E-05 | 47.0 1.00 1.24 .00
3SHL S S em 4 35.0 088 I E0a| 155802 | 473 1.01 0.67 0.54
35AH2 3 850 3.10E-05 | 3.10B-05 | 727 1.00 1.55 1.00
251z | 2BH2 3 176 | LL7E-03 [119E-03 | 739 1.02 131 0.84
35CH2 | 3 117E-02| 1.24E-02 | 743 1.02 1.48 0.96
35DHZ 2 134E-01 | 1.61E-0L | 762 1.05 1.33 0.86
54ANO | 5 4.80E-05 | 4.86E-05 | 548 1.00 0.29 1.00
54BNO 3 1.30E-03 | 1L.49E-03 | 553 1.01 0.25 0.87
S P IE None | Nome k02| 190502 | 599 1.09 0.30 1.04
S4DNO | 3 sus 1.30E-01 | 1.32E-01 | 64.9 118 034 .19
SAAHL 3 4.80E-05 | 4.78E-05 | 69.1 1.00 0.50 1.00
54BHI 3 1.30E-03 | 1.47E-03 | 711 1.03 0.41 0.81
S o e 3 850 | 181 M op 02| 1.876.:02 | 80.1 1.16 0.35 0.69
S4DHL 3 1.30E-01 | 1.58E-01 | 85.1 1.23 0.44 0.88

tripods were used to calculate the axial strain. In a pilot
test, the strain computed from the three displacement gages
agreed very well with the average strain obtained from
three 60 mm long foil strain gages, which were attached
on the concrete surface parallel to the displacement gages.
Since strain gages cannot measure large strain expected
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for highly confined specimens, displacement gages were
chosen to measure the axial strain for all specimens. Fig-
ure 1(c) shows strain gage locations to measure the trans-
verse strains: three gages on an unconfined cylinder sur-
face and six or eight gages on spirals. The spirals had
two types of spacing (20 mm or 40 mm) and two kinds
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Figure 1. Specimen dimensions, measuring system, and loading system.

of yield strengths. The high strength spirals had a yield
strength of 850 MPa with 2.9 mm diameter and the low
strength spirals had a yield strength of 300 MPa with 3.0
mmdiameter.

Cylinders were loaded concentrically with a servo
hydraulic actuator with a 500 kIN capacity as shown in
Figure 1(d). The actuatorused the relative displacement
between two tripods as a feedback signal to achieve a
desired strain rate.

Four kinds of test variables were employed as
shown in Table 1. They are the original concrete strength
(f’, = 30 MPa, 32 MPa, 35 MPa or 54 MPa), the yicld
strength of confining spiral (f, = 300 MPa or 850 MPa),
the amount of confining spiral (volume ratio p= 0.0 %,
0.9%, or 1.8 % in ), and the strain rate (v = quasi-static,
1.3E-3/s, 1.3E-2/s, or 1.3E-1/s). Volume ratio, p, was
obtained by dividing the volume of spiral by the volume
of core concrete where the volume of concrete core was
based on the inner span of the spiral. Multiple specimens
were tested for a combination of the test variables and a
total number of specimens was one hundred twenty-six.

3. TEST RESULTS

3.1 Failure modes

Figures 2(a) through (j) show selective photos of speci-
mens after testing. Specimens generally contracted con-
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centrically and failed in the central instrumented region.
They have some vertical major and micro cracks as sche-
matically shown in Figure 2(k). Some specimens failed
with a diagonal failure plane as shown in Figure 2(1) or
with a combination of Figures 2(k) and (1). Specimens
with too much eccentric deformation or with failure too
close to the top or bottom surface are not included in
Table 1. Generally speaking, specimens did not show
any specific failure mode particular for a certain combi-
nation of test variables. Mander et al. (1988b) reported
that astrongly defined diagonal failure plane was char-
acteristic of test units with comparatively low volumetric
ratios of confining steel but this was not the case in this
experiment.

3.2 General shape of axial stress - strain curves

Figure 3 shows selective axial stress-strain relations av-
eraged for specimens with a same combination of test
variables. Multiple lines are placed in a same plot if they
have a same combination of test variables except strain
rates. The peak stress, the peak strain, and the energy
dissipation increase as the confinement increases but the
shapes of the curves in asame plot are similar. This change
of the shape due to confinement at any strain rate seems
to follow that under static loading and the effect of strain
rate on the shape cannot be clearly seen in Figure 3.
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Figure 2. Selective specimens after testing and observed typical failure modes.
3.3 Strain rate sensitivity of peak stress and peak ing. First, the peak stress and peak strain are deter-
strain mined considering confining effects and strain rate effects.
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Figure 3. Average axial stress and Average strain relations for specimens with same combination of test variables.
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Figure 4. Strain rate sensitivity of peak stress, D,

f‘
D = cc
f f lc (1)
E cC
D, == )

where f’ _and ¢, are the peak stress and peak strain,
respectively, under a specific confinement and a loading
rateandf’_and e _ are the peak stress and peak strain,
respectively, withasame confinement butunderstaticload-
ing. In this paper, the slowest strain rate for each series is
assumed as the static loading, that is, the static loading
rate is between 3.1E-5/s and 4.8E-5/s. Strain rate sensi-
tivities of D and D for all series are listed in Table 1.
Figures 4 and 5 show the variation of D and D, with re-
spect to the strain rate. Average values for each strain
rate are connected to each other if the points have a same
yield strength (£, ), asame amount (p) of confining spiral,
and a same original concrete strength (f”).

589

Sensitivity of peak stress (Df)

1.4 [
Y151 |
—@—32L1(Ave)
o [P 11 % 1
8 13 [ == | )
[%]
&
w12t 1
Ad
[}
©
a )
T 11T X ]
el 3
=
w1 1
=1
]
7]
0.9 - ' :
10°  0.0001 0.001  0.01 0.1
Strain rate (1/s)
(b) p=0.9%, f,=300MPa
1.4 Ty T T T
O 32H2
~—@—32H2(Ave)
0 30H2
1.3 | -a—30H2(Ave) E
35H2 1
- 35H2(Ave) |
1.2 F E
1.1 r B
r
1.0 b
0.9 p :
107 0.0001 0.001 0.01 0.1 1

Strain rate (1/s)
(d) p=1.81%, =850MPa

In Figure 4, D, values are summarized for four com-
binations of p and . Figure 4(a) shows that D, of uncon-

fined concrete increases monotonically with increasing the
strain rate. Monotonic increase of D, with respect to the
strain rate can be also seen for relatively low confinement
of p=0.9% in Figures 4(b) and (c) but the slope of lines
are gentler. Specimens with high confinement ratio of
0=2.0% in Figure 4(d) do not show the monotonic in-
crease very clearly and D ), rather seems constant for any
strain rate.

In Figure 5, D, values are summarized in a same
manner as Figure 4. D, for unconfined concrete in Figure
5(a) decréases with increasing strain rate up to strain rate
0f0.001 /s or 0.01 /s and then increases afterward. Speci-
mens with relatively low confinement of p=0.9 % in Fig-
ures 5(b) and (c) show that D_decreases monotonically
with increasing strainrate. Itis noted that 54H1 Series in
Figure 5(c) show the rebound of D, at strain rate of 0.01
/s and this is similar to the unconfined concrete in Figure
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Figure 5. Strain rate sensitivity of peak strain, D .

5(a). Specimens with high confinement ratio of p=2.0 %
in Figure 5(d) show very minor or negligible monotonic
decrease with increasing strain rate.

From Figures 4 and 5, the variation of strain rate
sensitivities of D .and D is large for unconfined concrete
but it becomes smaller or negligible as the confinement
increases, and finally becomes negligible when the con-
finement increases up to p=1.81% and f, =850MPa.

3.4. Relation between the enhanced peak stress and
the corresponding transverse stress

Figure 6 shows relations between enhanced peak stress
and the corresponding transverse stress. Transverse
stress, f, > Was computed using Equation (3).

©)
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where p is the volume ratio of a spiral and f, is the axial
stress of the spiral at the peak. Value f, was computed
from the average axial strain of spirals measured at six or
eight locations and its stress-strain relation. Each plotin
Figure 6 has multiple points and a straight line. The line
best fit the multiple points in each plot using the minimum
lease square method. The equation representing the
straight line is also shown at the bottom with a value of
correlation factor, R. The correlation factors between
0.955 and 0.982 in Figure 6 are very high and the linear
approximation is considered reasonable. The relation
between the enhanced concrete strength and the trans-
verse stress was first proposed by Richart et al. (1929)
as Equation (4).

f—“—=4.1£”¢-+1

T *
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Figure 7. Strain rate sensitivity of the relation between the
peak stress, f’_, and confining stress, frp.
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Although the slopes in Figure 6 are different from 4.1 in
Equation (4), the basic relation between the enhanced
strength and the transverse stress still holds under dy-
namic loading. Four straight lines in Figure 6 are replot-
ted in Figure 7. The figure shows that the enhanced con-
crete strength of the unconfined concrete under the strain
rate of 0.1 /s is 28 % larger than that under static loading.
The four lines come close to each other as the transverse
stress increases and finally intersect the line for staticload-
ing. The transverse stresses at the intersections are
0.20f°, 0.28f’_, and 0.27f’_for the strain rate of 0.001
/s,0.01 /s, and 0.1, respectively. Although no experi-
ment was carried out for the transverse stress greater than
0.30f”,, itis expected that all lines converge to the static
line after the intersection. As amatter of fact, the obser-
vation in Figure 7 is the restatement of the increase in the
peak stress due to the strain rate and the confining effects
in Figure 4. However, the transverse stress expresses



more precisely the state of confinement rather than the
amount and the yield strength of spirals.

4. CONCLUSIONS

Actotal of one hundred twenty-six cylinder specimens was
tested in order to study the strain rate effects on the com-
pressive axial stress-strain relation of confined concrete.
The strainrate ranged within the ordinary earthquake level
and the confinement covered from no confinement torela-
tively high for ordinary civil and building structures.

Specimens showed two types of failure modes;
concentriccompression failure with vertical cracks or with
adiagonal failure plane. Each failure mode was not spe-
cific to a certain combination of test variables.

The change of the shape of the dynamic stress-
strain relation resulting from the confinement resembled
that under static loading and the effect of strain rate on
the shape was almost negligible. Hence, the prediction
of the peak stress and peak strain will control the accu-
racy of the predicted stress-strain relations. The regres-
sion analysis on the relation between the enhanced peak
stress and the transverse stress showed that the com-
pressive strength of unconfined concrete increased about
30 % under the strain rate of 0.1 /s, and that this strength
increase due to the strain rate decreased as the trans-
verse stress increased and finally became zero when the
transverse stress reached about 30 % of the original con-
crete strength.

The peak strain also had a strong strain rate sensi-
tivity when the concrete was unconfined. This strain rate
sensitivity of the peak strain decreased with increasing
the strain rate but bounced back at strain rate between
0.001/s and 0.01/s. However, the difference in the strain
rate sensitivity of the peak strain decreased with increas-
ing the confining transverse stress similar to the trend of
the peak stress.
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