BEHAVIOUR OFPLAIN GONCRE'L'E UNDm DINAHIC LOADING

by S, Ban* and H, Mugurumass
Introduction ' )

In designing a structure subject to violent earthquske load, the
engineer faces the twofold problem in determining the peak loads on the
structure. At present, there are many analytical researches on the vib-
ration of structures under the action of violent earthquakes. However,
these results camnot be applied reasonsbly to the practical design of
the actual structures because of their assumptions, Among those, there
is a misunderstanding regarding with the restoration force-displacement
relations actually shown by structure under dynamic load, i.e., the
~ ddeal elaato-plastic or the vigid-plastic assumption.’

Although the analysia of the structures based on such ideal bodies
is, of course, necessary to clarify the fundamental behaviours of struc-
‘ture under the action of seismic waves, it is also required to improve
the assumptions on the restoration force-displacement relations in the
actual structures, because they will be necessary to extend the analy-
tical results obtained on the ideal 'body to the more reasonable design
of actual structures. .

Since the restoration force-displacement relations of structures is
depending on their composing members or materials, the behaviour of mem-
bers or materials under the dynamic load should be studied precisely in
advance, While a number of investigators has studied the properties of
structural members, i.e., beams and columns, under the impact or repeatec
loading, the test results obtained did not agree so well with the analy-
sis as were expected. It will be evident that the behaviour of members
under the dynamic load is decided by the stress-strain relations of stru-
ctural materials under similar dynamwic loading, From this concept, it
can be concluded that the fundamental problem is to study the behaviour
of structural materials, especially their stress-strain relationships
and the strength, under the dynamic load,

In this study, it was the purpose to investigate the behaviours of
plain concrete under the impact or repeated loading with loading rate
comparable to the earthquake forces, o
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Scope of the Tests

A number of investigators has studied the properties of plain conc~
rete under impact or repeated loading. D. A, Abrams (1), P. G, Jones and
F. E. Richart (2) employed relatively low loading speeds, because the
aim of their studies was to designate the standard method of compression
tests for concrete. D. Watstein (3), C. Katsuta (4), J. Takeda (5), D.
McHenry and J. J, Shiderer (6) had tested a plain concrete in compression
at the rates of strain varying from 10 to 10 in./in. sec.. Considering
the vibration of the ordinary reinforced concrete structures, its frequ-
ency is expected to be 0.5 to 10 cycle per sec. at the time of earth-
quake, Therefore it is desirable to consider the impact whose duration
is about 1 to 0.05 sec.. The corresponding average rate of strain can
be predicted as 3 x 107 to 6 x 102 4n./in.sec.. Therefore, in this
study the average duration of impact load was selected as 1 sec. through-
cut the impact loading tests.

The repeated loading tests were also undertaken in this study. On
the fatigue behaviour of plain concrete many test results were already
presented (7)., However, almost of them were to investigate the physical
properties of concrete for the permanent use of structures under the
usual design loads, and therefore, the main object was to determine the
fatigue limits of concrete as a basis of safety design for reinforced
concrete structures under the stress of several millions repetition.
From the standpoint of the analysis of structure sgainst the violent
earthquake forces, it is consequently important to confirm the stress-
strain relationship of plain concrete under the violently repeated stress,
where a high speed repetition and a large number of cycles are not nece-
ssary but the upper limit of stress should be taken higher than that of
usual repeated tests. Therefore, in this report the dynamic stress-
strain relations were investigated under the repeated stress,. the upper
limit being 60 to 90 % of static strength.

Program of the Experiments

(1) Test specimens

The study included the concretes having the different mix propor-
tions as listed in Table 1. Both static and dynamic ( impact or repeated )
loading specimens were prepared in each mix of concrete.

The materials used in the concrete specimens were normal portland
cement and river aggregates under 15 m.m..

The test specimens used in Dynamic and companion static tests were
7.5 x 15 cm cylinders. The concrete was mixed by hand and cast into the
steel molds by the method of tapping with 6 m.m. dia, steel bar. At the
age of 3 days, the mold was removed and then the specimens were partly
moist-cured and partly cured in air. Prior to testing the moist-cured
specimens were air-dryed for 3 days to get the surface of concrete dry
enough for application of bonded type wire strain gages.
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(2) Test procedure and apparatus

(a) Static tests —=--- The 7.5 x 15 cm conpanion cylinders were
tested in a 100 ton capacity hydraulic machine. The load was applied to
the specimen at a loading rate of about 20 kg/cm2 sec.. The loading speed
was adjusted by controlling the valve in oil pipe at the initial stage of
loading and no further adjustments were made until the specimen began to
yield before the maximum load was reached.

The bonded type wire strain gauges were used for the compressive
gtrain messurement. A pair of gauges mounted on opposite sides at mid-
height of each specimen were conmected in parallel and ‘the average of
the output of each gauge was recorded directly.

(b) Impact loading tests ——--- Tests were made in a loading appara-
tus composed of two levers shown in Fig. 1. The 7.5 x 15 cm concrete
specimen was placed on a 25 ton capacity load cell fixed on the lower
Joist. The impact load was applied on the specimen by slowly dropping a
500kg dead weight on extreme end of upper lever. The strain was measured
in the similar method as described before. The outputs of the gauges
mounted on the specimen and the load cell were fed into the dynamie
strain indicator with wide band strain amplifier and self-recording
oscillograph as shown in Fig. 2. A block diagram of equipment is shown
in Fig. 3.

(¢) Repeated loading tests ----- The fatigue testing machine
specially prepared for the fatigue tests under the low speed loading
cycles was used. The speed of loading cycles was 1.2 cycle per secs, and
was kept constant throughout the tests. The upper limit of loading cycles
was selected in the range from 60 to 90 § of the static breaking load of
the same concrete cylinder. This adjustment was done by mechanical cams
which move the base plate up and down. The compressive strain of concrete
specimens as well as the corresponding load were recorded by the same
system as that in the impact loading tests. The fatigue testing machine
and measuring equipments used for the tests are shown in Fig. 4.

Results of Impact Loading Tests and Discussions
(1) Stress and strain of concrete |

Typical records of stress or strain versus t.:'..ne duration are illus-
tratod in Fig. 5. In Fig. 5, it will be noted that the rate of loading

gradually increased at the first stage of loading ( see the portion
AB in Fig, 5 ) and was contrarily decreased at the last stage ( see the
portion CD in Fig. 5 ). At the intermediate stage the rate of loading
was kept almost unvaried (see the portion BC in Fig. 5 ). It has been
verified by the many past investigations that these gradual changes of
loading rate have no influence upon the properties of concrete under
impact loading.

Typieal stress-strain relations obtained from the stress-time and
strain-time records are shown in Fig. 6. From those the initial tangent
modulus and the secant modulus corresponding to the stress level of one-
+ third of dynamic compressive strength were calculated,
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(2) Comparison between the static and impsct loading test results

The properties of concrete under the static and impact loadings
are compared in Tsble 2, in which the average values obtained for each
concrete mix are listed. The ratios of the dynamie ( impact loading )
to static compressive strengths, secant moduli of elasticity, maximum
compressive strains and strains corresponding to the mexismum stress are
given in Tsble 2 and are shown in Fig. 7 (a), (b) and (e).

From Fig, 7 (a) it will be seen that the effect of the dynamic load-
ing upon the compressive strength is more remarksble for the weaker conc-
rete than the stronger concrete. However, no significant difference in
strength is recognized in the concrete having the static strength more
than 260 kg/cm? , Similar properties were found out in the comparison
between dynamic and static secant modulus of elasticity ( see Fig. 7
(b). )« On the contrary, the maximum compressive strain was observed
smaller in the impact loading tests than those in the static tests. The
decreage in the maximum compressive strain was also found out larger
with the decrease in static strength, provided that the static strength
is less than 260 kg/ca? . ‘ ‘

3) zsmption of stress-strain curve of concrete under impact

As mentioned above, the impact loading with the loading rate from
200 to 400 kg/cm’ sec. had considersble influences upon the properties
of concrete having the static compressive strength less than 260 kg/cm’
The variation of secant modulus of elasticity as well as maximum comp-
ressive strain will not be neglected in the theoretical analysis of the
elastic and plastic behaviours of reinforced concrete members under
seismic action (8).

Upder the assumption of ideal stress-strain curve shown in Fig. 8
The dynamic stress-strain relation will be predicted through the static
one, provided the ratios of dynamic to static compressive strength,
secant modulus of elasticity snd maximum strain are given as follows:
For concrete having the static strength less than 260 kg/cm’

£a8 ==/MJ- 000575656 )
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Results of Repeated Loading Tests and Discussions

(1) Static test results

~ The compressive strength obtained from the static tests of conpanion
cylinders are swmarized in Table 1 (b).

(2) Stress-strain curves under repeated loading

Typical stress-strain relations measured by the dynamic strain
indieator durihg the repeated loading are shown in Fig., 9 with commentary
on the initial strain and upper limit stress ratio. This illustrates that
the stress-strain curve varies with the number of load repetitions,
Whatever the ratio of upper limit to static strength may be large or
~ small, the convex upward curve straightens under the loading cyeles and

finally become concave upward prior to the failure. And this shows that
concrete possesses a property similar to strain hardening in metals. The
degree of concavity is expected to warn the failure. As the upper limit
of loading cycles becomes larger, the rapid transition in curves from
convex upward to concave upward was recognized in the tests. These
transitions had been also observed in the fatigue tests under the high
speed loading cycles with relatively small stress intensity less than 60
% of the compressive strength (7).

Such property as strain hardening in stress-strain relations of
plain concrete is of particular importance to discuss theoretically the
elastic and plastic behaviours of actual reinforced concrete members or
structures subject to a high repeated load. However, the curves obtained
are too complicated to be expressed in simple formula. Therefore, in
this study, several basic terms on stress-strain curve were represent-
atively investigated, i.e., the increase of compressive strain at upper
limit, the increase of permanent strain and the decrease of initial tan-
gent or secant modulus of elasticity at each loading or unloading.

(3) Maximum or permanent strain versus number of loading cycles

Fig. 10 and Fig. 11 shows the maximum and permanent strains of cone-
rete in rslation to the number of loading cycles. From those, it is evi-
dent that the maximm strain as well as the permanent strain increased
gradually with the loading cycles. The amount of such increases had no
obvious relations to the concrete mixes or the static strength in comp-
resgion, but was evidently related to the maxisum compressive strain
observed by the first loading. This strain will be defined as " original
strain " and the total number of loading cycles before the failure occurs
will be defined as " endurance number ™ hereafter. The larger the origi-
nal strain , the endurance number became less, and on the contrary the
maximom at.rain as well as the permanent strain at the fatigue failure
became larger. Especially, when the original strain exceeded a limited
value of about 0.1 ¥, the rate of strain increase became excessively
larger, and the endurance number was about 30 or less. This can be
exactly seen in Fig. 12 giving the relation between the original strain
and the endurance number.
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Consequently, it can be predicted that when a reinforced concrete
members are subjected to the repetitive load such as the compressive
#iber strain of concrete exceeds 0,1 %, the maximum and permanent dis-—
placements of the members will continue to increase rapidly and the
members will result in fatigue after further loading cycles.

Additionally, a curve giving the maximum or permanent strain can
be decided in relation to the endurance number and it is plotted in Fig.
10 and Fig. 11, respectively. Using Fig. 12 and Fig. 10 or Fig. 11, it
is possible to pradict the number of loading cycles which can be with-
stood by concrete, when the intensity of loading cycles as well as the
maximum or permanent strain at the fatigue failure are previously
assuma'

(4) Relationship between modulus of elasticity and number of loading
cycles

As it can be seen in Fig. 9, the modulus of elasticity of concrete
varied gradually with the increase in number of loading cycles. Simpli-
fying the stress-strain curves at each loading cycles as shown in Fig.
13, the initial tangent moduli £4 and E; as well as the tangent moduli
Es and Fp were calculated for each loading cycle. In fig. 14 the vari-
ations of a initial tangent modulus £4 are plotted against the number of
loading cycles as an example. It can be seen from Fig. 14 that almost of
the variations in the elastic modulus took place during the first 20 =
30 loading cycles and thereafter the obvious variations were not recog-
nized. Especially, the variations were remarkable in the first 2 or 3
loading cycles. Consequently, we can conclude that the dynamic behaviour
of a reinforced concrete member will change remarkably under the first
2 or 3 loading, when thc member is subjected to high loading repetition.

Conclusions
From the test results following conclusions were derived.

t loading tests :

(1) From the comparison with the static tests on plain concrete, it
was found that under the impact loading with the loading rate from 200
to 400 kg/em” sec. the compressive strength of plain concrete as well as
the secant modulus were observed larger than those obtained from the
static tests.,

(2) The maximum compressive strain and the strain corresponding to
the stress of strain-stress relation were measured remarkably
smaller by impact loading than by static loading.

(3) These differences became more distinctly when the concrete
tested showed lower strength, but were not recognized at all for the
concrete having the static strength more than 260 kg/cm®

petition of high load ( 60 to 90 % of static crush-

‘ , ‘the cons laadim, oading speed of 1.2 cycle per sec.remarkable
transitions from convex upward to concave upward were recognized in the
stms-strain curves, This shows that concrete possesses a property
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gimilar to strain hardening in metals,

(2) The maximum strain increase and permanen: strain increase took
place in contact with the mumber of loading cycles. This phenomena was
va-y%remarkable when the maximum strain by the first loading exceeded
0.1 %,

(3) The initial as well as the secant modulus of elasticity varied in
various ways depending on the intensity of load. However, most of these
variations took place in the early stage of loading cycles, usually
during the first 20 to 30 cycles. ‘

r  (4) Number of cycles withstood by concrete before failure occurred
was found very small under the loading cycles with the original strain
exceeding 0.1 %,
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Nomenclature

Fys and £y, = nk:/nu%c ;nd static secant moduli of elasticity ( in
CcH

64 wnd G3; = Dynamic and static compressive stremgths ( in kg/cm® )
Edo 8 £5; = Dynamic and static maximm strains
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Table 1 (a) Test Schedules for Impact Loading

Test | Mix Proportion |W/C-Ratio | Test Age | Number of Test Specimens
Seriss| by Weight in % in Days | Static Impact Loading
Test Test
A 1:2.5:5 75 28 3 4
B l1:2.5:5 70 28 4 4
c 1:2: 65 28 5 5
D 1:2:4 60 28 4 5
E 1:31,5: 3 55 28 4 5
F 1:1.5: 3 50 28 4 5
Table 1 (b) Test Schedules for Repeated Loading
Static Number of Test
Test | Mix Proportion |W/C-Ratio | Test Age | Comp. Specimens
Series by Weight in ¥ in Days | Strength_| Static|Repeated
in kg/en’ | Test |Loading
Test
AD¥ 11 :2.5:5 75 28 116 5 13
BD* |1 :2,5:5 70 28 108 5 10
Ch* 1 :2:4 65 28 178 3 3
AWt {] 2 2,5 : 5 75 25 17 6 10
 Bex |1 :2.5:5 70 28 234 6 5
G|l 22 : 65 28 220 4 5

#* Afr-dryed concrete, hoied ‘iﬁm*'?‘,’red concrete.







