Earthquake Engineering, Tenth World Conference © 1992 Balkema, Rotterdam. ISBN 90 5410060 5

Effect of strain rates on strength and mode of failure of R/C members
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Tsukuba Research Institute, Okumura Corporation, Japan

ABSTRACT: In order to investigate the effect of strain rates on strength and mode of failure
of reinforced concrete, column specimens were tested during either static or dynamic loading.
Modes of failure of all M type specimens designed for flexural failure were similar for both
static and dynamic loading, but the procedures of failure were influenced by strain rates on
S type specimens designed for shear failure. The Q-§ curves were similar for M type, the
curve during static loading was different from the ones during dynamic loading for S type.
Maximum strengths during dynamic loading were 1.1~1.2 times greater than during static
loading. When material strengths increased with the increase of the strain rates during dy-
nemic loading, the calculated maximum strength values for M type were similar to the experi-
mental values, but those for S type were about 25 % smaller than the experimental values.

of specimens was 12: 3 samples x 2 series(Q
and @) x 2types(M and S). The cross section
of column was 25 cm x 25 cm with a height of
column 100 cm for the M type specimens, and

1 INTRODUCTION

The material strengths of concrete and steel
increase with the increase of the strain

rates during dynamic loading(Iwai,b1982). The
relationship of load and displacement, the
strength and the mode of failure of rein-
forced concrete members are influenced by
loading rates during the dynamic loading
(Kitagawa, 1984 and Fujii,1986). This influ-
ence was examined from the standpoint of
strain rates. However, at present there is
no sufficient data available to fully docu-
ment this effect. The main objective of this
study was to investigate this effect of
strain rate on strength and mode of failure
by testing 12 prepared column specimens
under either static or dynamic loading.

2 OUTLINE OF TEST
2.1 Specimens

Table 1 lists the specimen dimensions, and
characteristics, along with the loading test
conditions for each specimen. Schematic dia-
grams of the column specimens used in this
study are shown in Fig. 1. The tests in this
study were composed of two series labeled
series @ and @, with each serlies composed
the M type specimens(No.1,2,3,7,8,9), de~
signed for flexural failure, and the S type
specimens(No.4,5,6,10,11,12), designed for
shear failure. Each type was composed of
three specimens, with one used for the stat-
ic loading test, and the other two used for
the dynamic loading tests. The total number

65 cm for the S type specimens. The total
longitudinal reinforcement ratio was 2.44 %
for either specimen type. The shear rein-
forcement ratio was 1.28 % for the M type
specimen, 0.51 % for the S type specimen.

Table 1. Test specimen, characteristics
and test loading conditions
Series Series®D Series@
Specimen type | M Type S Type M Type S Type
bx0 (cm) 25x25 25x25 25x25 25x25
h=2a (cm) 100 65 100 65
Longitudinal | 1o-p1a | 12-m13 | 12-013 | 12-013
Pg (%) 2.44 2.44 2.44 2.44
Pt (%) 0.813 0.813 0.813 0.813
T e {m) | 4-06 820 | 2-D5 850 | 4-05 40 | 2-D8 850
Pw (%) 1.28 0. 51 1.28 0.51
Shear sp | 200 | 130 | 200 | 1.30
Static Following average axial
Loading 0.3Dce load history during
AL dynemic loading tests
Dynamic | Initial load: 0.3bDo
Loading | (uring lateral self operated control
loading: by a hydraulic jack
Static 0.01 0. 0t 0.0} 0.01
ASOR Loading [No. 1] [No. 4] No. 7] | [No. 10]
Dynemic 10.0 10.0 10.0 10.0
Loading [No. 2] {No. 5) [No. 8] | [No.11]
(on/s) (No.3] | [No.8] | [No.9] | (Mo, 12]
b Wldth of colum; 0: Depth of column: h: Height of

=X Compressxve strength of concrete! Pg:
Total lor\gnudxnal remforcement ratio; Pw: Shear rein-
forcement ratio; LYnthud nal remforcement ratio;
ACL: Axial cmpress:we pecimen number ;
ASOR: Average story displacement rate (cm/sec).
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Figure 1. Column specimens details

2.2 Material properties

The material properties of the concrete are
shown in Table 2, and those of the reinforc-
ing bars are shown in Table 3. Compressive
strengths of the concrete for the column
specimens were 27.9 MPa ~30.9 MPa. Deformed
bars of SD295 were used as the longitudinal
and shear reinforcements. Yield strengths
were 322 MPa tor the longitudinal reinforc-
ing bars and 359 MPa for the shear reinforc-
ing bars. These properties were obtained
using the test method of the Japanese Indus-
trial Standard (JIS).

2.3 Test loading apparatus and test loading
method

The loading apparatus is shown in Fig. 2.
The loading conditions are shown in Table 1.
Horizontal cyclic loading was applied by a
computer controlled servo-actuator® that fol-
lowed the story displacement angle history
as shown in Fig. 3. The story displacement
angles were provided by sine waves with
gradually increasing amplitude levels. The
target value of the average story displace-
ment rate V of each cycle was 0.01 cm/sec
during the static loading for specimens No.1,
4,7,10, and 10 cm/sec during the dynamic
loading for specimens No.2,3,5,6,8,9,11,12.
The latter was derived from the results of
dynamic analyses of a reinforced concrete
structure. The axial load for each column
was applied by a hydraulic jack. For the
series (D, axial loads were kept as constant
as possible. Initial axial compressive load
levels were 0.3 bDgo s, where bD is the cross
sectional area of column, and o0, is the
compressive strength of concrete. However,
in reality the axial loads fluctuated during
the dynamic loading tests. For series @, in
order to adjust the axial load level of each
specimen, the axial load history for the
static loading test followed the average
axial load histories for the dynamic loading
tests for each type group.

Table 3. Material properties of reinforcing bars

e | tikogtn | ield, | Utinate | Elestic | Elonse-
PN TS | SV e | T80

D13V 322 1840 478 17.85 28.1

D2 359 2490 538 17. 65 22.4

Test method: JIS Z 2241; | itudinal reinforcement
est me 3 tpogitidinel Ceinforoenen

Vertical
sliding device

Hydraulic jack
S
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Figure 2. Loading apparatus
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Figure 3. Story displacement angle history

2.4 Instrumentation

Horizontal load values were measured with
a load cell that was mounted on the servo-
actuator. These values were corrected by
using force of inertia values obtained with
acceleration meters. Axial load values were
measured with a pressure gauge of the hy-
draulic jack. Displacement of the column was
measured with inductive displacement trans-

ducers installed in the middle of each
column. Strain gauges were attached to both
longitudinal reinforcing bars and shear

reinforcing bars.
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3 RESULTS AND DISCUSSION
3.1 Strain rates

The relationships of load and strain rate
(Q-F curves) and corresponding time his-
tories of specimens No.8 and 12 are shown in
Fig. 4. The strains were obtained by the
strain gauges attached to the longitudinal
reinforcing bars, and the strain rates were
defined by the changing values of strain per
unit time. During the dynamic loading, the
maximum strain rates of both the M type and
the S type specimens were 3~ 6x10* pu /sec.
These strain rates corresponded to those
that a structure would experience during
an earthquake. Though the strain rates de-
creased at the load peak, they were about 2
~3x10* y /sec just prior to the peak.

3.2 Modes of failure

Final crack patterns of the M type specimens
No.7 and 8, and the S type specimens No.4, 10,
11 and 12 are shown in Fig. 5. The modes of
failure of each type are explained below.

M type: Though the number of cracks during
the static loading was greater than during
the dynamic loading, crushing of concrete

400 00— :
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200 200+

= = R = ) i
g, g N ]
< o S
-200 -200{------- L ....... ..l
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-10 -5 0 5 10 -0 -5 0 5 10
T (x10* u /sec) T {x10* u /sec)
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Time (sec) Time (sec)
Y.P.: Yielding point.

1 Strain rate:
Figure 4. Load - strain rate curves and time histories

and mode of failure were similar for both
the static and the dynamic loading. All M
type specimens experienced flexural failure.
S type: Many shear cracks appeared and width
of the cracks gradually increased; the lon-
gitudinal reinforcements buckled and shear
reinforcements sprawled during the static
Several wide shear cracks appeared

loading.
before a number of narrow shear cracks, the
did not

buckle and sprawl of reinforcements
occur during the dynamic loading. During the
static loading, specimen No.10 could not
support the axial load on the 9th horizontal
loading cycle at story displacement angle R=
1/25 radian, so the horizontal loading to
the specimen was discontinued. Specimens No.

4,6,10 and 11 experienced shear failure and
specimen No.5 experienced shear failure and
flexural failure at the same time. Specimen

No.12 experienced shear failure after the

bond splitting cracks occurred along the
longitudinal reinforcing bars. Though the
was

mode of failure of all S type specimens
shear failure, the procedures of failure
were influenced by strain rates.

3.3 Load - story displacement curves (Q-§

curves)

The Q-5 curves of the M type specimens No.7
and 8 and the S type specimens No.4,10,11
and 12 are shown in Fig. 6.
M type: The Q-§ curves during the static
loading tests for the M type specimens were
similar to the ones during the dynamic load-
ing tests, except for the difference in
maximum strengths. The Q-§ curves were
only slightly influenced by the strain rates.
S type: The Q-3 curves of the S type speci-
men No.l0 during the static loading test was
different from the ones of other specimen of
the same type. Because specimen No.l1l0 was
deformed much more than other specimens, it
could not support the axial load during
the loading test. The Q-J curves of other S
type specimens were similar during both the
static and the dynamic loading tests, except
for the difference in maximum strengths.
During the static loading, the shear rein-

it
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No.7, No.8: Flexural failuer
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No. 11: Shear failuer

No.12: Shear failuer,
bond splitting cracks occured

Figure 5. Final crack patterns
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reinforcements on specimens
puring the dynamic loading,

Therefore,

3.4

forcements yielded after the longitudinal
No.4 and 10.

the same behav-
i{or occurred on specimens No.5 and 6. During
the dynamic loading for specimen No.11l, the
longitudinal reinforcements and shear rein-
forcements yielded at the same time. The
longitudinal reinforcements yielded after
the shear reinforcements for specimen No.12.
for the S type specimens, the
yield behavior of reinforcements changed

during the dynamic loading.

Story displacement angles at yielding
and at maximum strength

The story displacement angles at yielding of
the longitudinal reinforcements, the members

strengths were 0.9 times smaller than the
ones during the static loading test for the
M type specimens. On the other hand, the
story displacement angles of yielding of the
longitudinal reinforcements and at maximum
strengths duing the dynamic loading tests
were 1l.1~1.2 times greater than the ones
during the static loading tests for the S
type specimens. In the case of the dynamic
loading for the M type specimens, the story
displacements angles at yielding of the
longitudinal reinforcements, the ones at
yielding of members and at maximum strengths
came close to each other. The story dis-
placement angles at yielding of the longi-
tudinal reinforcements during the dynamic
loading increased 20 %~ 40 % more than the
ones during the static loading, because the
yield strains of the reinforcing bars in-
creased with the increase of the strain rate.

and story displacement angles at maximum
strength for series () are shown in Table 4.
Because the axial load history during the
static loading was similar to that during
the dynamic loading on each specimen in this
group, comparisons of the story displacement
angles at yielding and at maximum strength,
along with initial stiffness, maximum
strengths, and energy ratios can be made.
Though the story displacement angles at
yvielding of the longitudinal reinforcement
during the dynamic loading tests were 1.4
times greater than the one during the static
loading test, the story displacement angles

3.5

Initial stiffness values are shown in
They were defined by the relationships

5.

Initial stiffness

Table

of loads and story displacements at R=1/300

radian in the Q-8 curves(see Fig. 6).
the M type specimens,

For

the average of the

initial stiffness values during the dynamic
loading tests was 1.11 times higher than

that for the static loading test.
the average of initial

S type specimens,

For the

Figure 6. Load - story displacement curves (Q-3 curves)

at yielding of members and at maximum stiffness values during the dynamic loading
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o Teble 8. Teble 6.
Teble 4. Story displacement angles Initial stiffness Maximum strengths
T Load A Rat io* 8 Ratio® C io® Spec io* io®
NN Rired) | o | Riraq) | PETHO T Seee | @y | e
No.7 | Stat. 17186 | 1.0 1/103| 1.0 1/70 1.0 No. 7 34.4 1. 00 No.7 201 1.00
M| No.8 1/152 /111 1/75 No. 8 38.5 No. 8 218
No.9- | O™ | 1/125 | 142 | yymia| 092 | ygp | 0-89 Mo.s | a7 | U Nos | 220 | "9®
No. 10 | Stat. 17124 1.0 - - 1/102] 1.0 No. 10 | 86.0 1. 00 No. 10 272 1.00
S No. 11 1/ 89 - - 1/90 No. 11| 3.7 No. 11 326
No.12 | Dvrem | pa| B2 /92 | 12 No.12| 58 | 10 No12| 342 | 2
Spec. : Specimen; Stat.: Static loading; Dynam.: Dynamic loading: . ; ; i i
A‘:’ Averege of displacement angie at yielding of longitudinal reri‘?ﬁorcement. ¥ mgngftgfﬁimrmlgti‘égé”?ﬁ%f N
B: Average of displacement angle at yielding of a member. Ki: Initial stiffness:  Qtu: Meximum strength:

C: Displacement angle at maximum strength of a member.

tests was 1.10 times higher than that for
the static loading test. Therefore, this
increase was similar for both the M type and
the S type specimens.

3.6 Maximum strengths

The maximum strengths of the series @ are
shown in Table 6. For the M type specimens,
the average of the maximum strengths during
the dynamic loading tests was 1.09 times
greater than that during
test. For the S type specimens, the average
of the maximum strengths during the dynamic
loading tests was 1.23 times greater than
that for the static loading test. Therefore,
for both M and S type specimens, the maximum
strengths increased during the dynamic load-
ing under the influence of strain rates.

3.7 Energy ratios

The energy ratios of the series () group are
shown in Fig. 7. The energy ratio is defined
as W/We, where W is the area of one cycle of
hysteresis loop, and We is the equivalent
potential energy. For the M type specimens,
as the story displacement angle increased,
the energy ratios also increased during both
the static and dynamic loading. The energy
ratios during the static loading were the
same as those during the dynamic loading.
For the S type specimens, as the story dis-
placement angle increased to R=1/50 radian,
the energy ratios also increased during both
the static and dynamic loading. The energy
ratios during the static loading were simi-
lar to those during the dynamic loading to
R=1/100 radian. After R=1/50 radian, the
decrease of energy ratio of the second cycle
during the dynamic loading was much more
than the one during the static loading.

3.8 Comparison between experimental and
calculated values of maximum strength

The comparison between experimental and cal-
culated values of maximum strength is shown
in Table 7 and Fig. 8. The maximum flexural
strengths and maximum shear strengths were

the static loading ~
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calculated by the following equations(Archi-
tectural Institute of Japan, 1987).

Maximum flexural strength:
Qyu= 2/h-[Z ay;* :0 y-gi+0.5ND(1-N/bDF.)]
eqg. (1)
Maximum shear strength:
Qsu=[0.115-k, 'k, (180+Fc)/(M/Qd+0.12)+
2.7 (P, w0 y)+0.1N/bdlbj eq.(2)
where, Y a,;: Tensile longitudinal rein-
forcement areas; .0 y: Yield strength of
longitudinal reinforcement; N: Axial load
in column; b: Width of column; D: Overall
depth of column; Fc: Compressive strength
of concrete; h: Height of column; j: 7d/8;
gi: j/D; K.=0.9; k,=0.82p,° %*; p,: Longi-

tudinal reinforcement ratio; M/Qd: Shear
span to effective depth ratio; d: Effective
depth; P,: Shear reinforcement ratio; wO,:

Yield strength of shear reinforcement.

The strengths of the concrete and reinforc-
ing bars, obtained using the test method
of JIS, were used to calculate the maximum
strengths during the static loading. During
the dynamic loading, the maximum strain
rates were 2~3 x10*u /sec just prior to
the load peak. At these values, the compres-
sive strengths of concrete during the dynam-
ic loading material tests increased 1.2
times more than the ones during the static
loading material tests. The yield strengths
of the reinforcing bars during the dynamic
loading material tests increased 1.15 times
more than the ones during the static loading
material tests(Iwai,1982). Therefore, when
the maximum strengths during the dynamic
loading tests were calculated, the strengths
of concrete and reinforcing bars increased.



Table 7. Comparison between experimental and calculated values

of maximum strengths %ggKN) 1412 10
Seri L (N ed (KN Rat [
ries Load N E:pen. (t ) | Calculated (KN) tio - 'g |
Type w | W ®H| BB eol e S 300}
No. 1 | Stat. 613 180 193 178 216 1.08 0.89 |F = -
M| No.2 |Dynem 735 220 236 210 242 112 0.98 |F =
o No.d |Oynem | 631 | 204 | 226 | 205 | 238 | 110 | 1.0 |F g 2001 o e Miype
No. 4 | Stat. 530 - 237 257 213 0.92 .11 s e B om Stype
S| No.5 |Dynem | 686 | 319 | 324 | 314 | 248 | 103 | 1.31 |FS S 100} Static
No.6 | Dynem. 667 - 304 309 244 0.98 1.25 |S i Dynomic
No.7 |Stat. | 686 | 188 | 201 | 179 | 27 | t12 | 0.93 |F 4 L OuixN)
M| No.8 |Dynam 667 201 218 198 2831 | 1.10 | 0.94 |F 0 iOO 200 300 400
.9 |Dyram. | 67 198 0 | 200 | 233 | 110 | 0.94 |F
ot 2 20 ] 0 ) 2 009 Calculated values
No. 10 | Stat. 618 - 272 274 224 0.99 1.21 |S . A A
S| No.11|Dynem | 657 - 326 308 243 | 1.06 | 1.34 |S Figure 8. Comparsion between experimental
No. 12 | Dynam. | 691 - 342 | 314 | 247 | 1.09 | 1.3 |S | and calculated values of maximum strengths
: Spec: ; Stat. : Static loading tal;
ﬁm Axia l X sgreggth (]ity mkstgfmﬂh of marber E’&‘t’ﬁ Maxgxmgenrstm?;;th
Qyu: fTexurafmr X imum r strength; MF: Mode of failure:
B T o i o ey o g
str erials were w1 e in 1
«The str%rs gf Eter}.ds v\hi'ch incr with the incresse of the strawxﬁrratas werec:sﬁ gn glg.xl:timmo% dynanmlé.?tt)a;:ng test values.

During the static loading test, the aver-
age of the experimental maximum strength
values of the M type specimens No.l and 7
(Qtu values in Table 7) was 1.10 times
greater than the calculated maximum flexural
strengths(Qyu). The average of the same
values(Qtu) of the S type specimens No.4 and
10 was 1.16 times greater than the calcu-
lated maximum shear strengths(Qsu). For the
dynamic loading tests, the average of the
experimental maximum strengths of the M type
specimens No.2,3,8,9 was 1.11 times greater
than the Qyu value. The average of the ex-
perimental maximum strengths of the S type
specimens No.5,6,11,12 was 1.32 times great-
er than the Qsu value.

When material strengths increased with the
increase of the strain rates, the maximum
strengths of the M type specimens calculated
by using Eq.(1) were similar to the experi-
mental values for both types of the loading
tests. For the S type specimens, the maximum
strengths calculated using Eq.(2) were about
25 % smaller than the experimental values
obtained during the dynamic loading tests.

4 CONCLUSIONS

The column specimens were tested during
either static’ or dynamic loading, and the
effects of strain rates on strength and mode
of failure were examined. The results can be
summarized as follows:

(1) The maximum strain rates obtained during
the dynamic loading were about 2x10* /sec
Just prior to the load peak.

(2) For the flexural failure (M type) speci-
mens, the mode of failure was similar for
both static and dynamic loading. But for
the shear failure (S type) specimens, the
procedures of failure were different, since
the mode of faillure was influenced by
strain rates.

(3) The Q-5 curves for the M type specimens
were similar during the static and dynamic

loading tests, but for the S type specimens,
the curves differed during both the static
and dynamic loading tests.

(4) Initial stiffness values for the dynamic
loading tests were 1.1 times greater than
that for the static loading test, for
either the M type or the S type specimens.
(5) Maximum strengths during the dynamic
loading tests were 1.09 times greater than
the maximum strength during the static
loading test for the M type and 1.23 times
for the S type specimens.

(6) When material strengths increased with
the increase of the strain rates, the cal-
culated maximum strength values were simi-
lar to the experimental values obtained for
the M type specimens, for the S type speci-
mens, the calculated values were about 25 %
smaller than the experimental values.
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