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ABSTRACT 

Two concrete mixes (a medium- and a high-strength mix), each cured under 

two different conditions (73°F, 100% relative humidity for 26 days followed by 

2 days in a 20% RH environment or 73°F, 100% RH for 28 days followed by 21 days 

in a 20% RH environment) were tested to determine the effect of differences in 

moisture content and rate of loading on their compressive and tensile strengths. 

The compressive tests showed the values for mechanical properties increased 
as the rate of loading increased. At the maximum rate of loading (approximately 

2 X 10^ psi/sec), the increases in compressive strength over the values for static 

loading for the moist, 28-day concrete were 45% for the medium-strength and 39% 

for the high-strength concrete. The increases for the drier, 49-day, medium- and 
high-strength concretes were 35% and 24%. 

In the splitting tensile-strength tests, at a stress rate of 3 x 10^ psi/sec the 
increases in tensile strength over the static values for the 28-day concrete were 

70% for the medium-strength and 67% for the high-strength mix. For the 49-day 

concretes, the increases were 53% for the medium-strength and 40% for the high- 
strength mix. 

Recommended percentage increases in compressive strength are given for 
concretes subjected to high strain rates. 
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INTRODUCTION 

The Naval Civil Engineering Laboratory is conducting studies to determine the 

dynamic properties of basic structural materials for which such data are incomplete 

or lacking. This will provide fundamental information for the design of structures to 

resist blast or other dynamic loads. The present tests were conducted to determine 

the effects of dynamic loading on the mechanical properties of concrete. 

TEST PROGRAM 

General 

Two basic concrete mixes were used in this program: one to represent a 
medium-strength concrete and another to represent a high-strength concrete. Each 

strength of concrete was tested at two ages — 28 days and 49 days. The age differ¬ 

ential was incidental to the actual purpose for which these two ages were selected. 

The 28-day age was selected to test the concrete in a condition as near moisture 

saturation as possible. The 49-day age was selected to rest the concrete in a dry 

condition. For each strength of concrete the following curing conditions were used: 

(1) 26 days at 100% RH and 2 days at 20% RH, age at test 28 days; and (2) 28 days 

at 100% RH and 21 days at 20% RH, age at test 49 days. The temperature used for 

both curing conditions was 73°F. The 28-day test specimens were removed from the 

100% RH curing at 26 days to permit the surface to dry sufficiently for installation 
of strain gages. 

Compression tests were conducted with 3-inch-diameter by 9-inch-long 

cylinders. Splitting tensile tests were conducted with 3-inch-diameter by 6-inch- 
long cylinders. 

Compression-tes* specimens for each strength were cast in two batches. Because 

of the length of time involved in conducting the tests, each group of cylinders from 

one casting was divided into two test groups: one comprising the 28-day-old and one 

comprising the 49-day-old cylinders. The following table shows the distribution of 

test cylinders subjected to static and dynamic compressive tests from each batch: 
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Test Age 
(days) 

Batch No. 

Number of Cylinders Tested 

Static 

Dynamic 

Approximate Test Rate (psi/sec) 

io3 io5 io6 

Medium Strength 

28 

49 

1 
2 

1 
2 

3 
3 

3 
3 

6-3 
6 3 

6 
6 3 

High Strength 

28 

49 

1 
2 

1 
2 

6 
3 

6 
3 

6-- 
6 6 

6 
6 6 

All of the tensile-test cylinders for one age and strength of concrete were 
obtained from one batch of concrete. Both the static and dynamic tests were con¬ 
ducted during the course of 1 day's testing. 

Materials 

The materials used were type II portland cement and San Gabriel sand and 
gravel. The maximum size of the aggregate was 3/4 inch. The proportions used in 
the two concrete mixes are given below: 

Concrete 
Strength 

Type 
of 

Test 

Proportions by Weight Gallons per 
Sack of 
Cement 

Sacks per 
Cubic Yard 
of Concrete Cement 

7 
Sand Gravel 

Medium 

High 

Medium 

High 

Compression 

Compression 

Tensile 

Tensile 

1 

i 

i 

1 

3.9 

2.0 

3.9 

2.0 

3.3 

2.2 

3.3 

2.2 

8.56 

5.40 

8.35 

5.30 

4.63 

7.37 

4.83 

7.40 
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Specimen Instrumentation 

Half of the compression-test specimens were instrumented with strain gages. 
Longitudinal strain was measured with type A-9 electrical resistance strain gages 
cemented to the surface of each specimen on diametrically opposite gage lines 
parallel to the longitudinal axis of the specimen. These gages had a nominal gage 
length of 6 inches. The gages were connected in series in the measuring arm of the 
Wheatstone bridge to obtain the average strain of the two sides of the specimen. 
Lateral strain was measured by a single 2-1/2-inch (nominal gage length) type 
A-9-4 gage cemented on the specimen surface at the midheight and normal to the 
longitudinal axis. 

Half of the specimens for splitting tensile tests were instrumented with type 
A-12 strain gages mounted in the cinter of each end face of the specimen and 
normal to the axis of load application. (See Figure 1.) These gages have a nominal 
gage length of 1 inch. Each gage was recorded independently. 

Recording Instrumentation 

Test data were recorded by means of an oscillograph and system D, 3-kc 
amplifiers. Basic information obtained during compression-strength testing was load, 
longitudinal strain, and transverse strain — each as a function of time. Information 
obtained during tensile-strength testing was load and transverse strain on each end 
of the cylinder. As a check on the frequency response of the oscillograph system, 
several tests were recorded by means of an oscilloscope and a polaroid camera. The 
values for maximum load determined by each recording system were withir »-he limits 
of error which might be expected in reducing the data. 

Dynamic Testing Machine 

The testing machine used to conduct the dynamic tests is shown in Figure 2. 
This is a pneumatic-hydraulic machine that utilizes air pressure in hydraulic accumu¬ 
lators to supply the energy necessary to conduct a test. Just before the machine is 
fired, the hydraulic pressure is equalized on the top and on the bottom of the main 
piston. The head velocity is varied by regulating the rate of flow of hydraulic fluid 
from beneath the main piston. Since the main piston operates downward only, compres¬ 
sion tests are conducted in the lower section of the machine. The specimen is centered 
on the load cell and the bearing head, attached to the lower piston rod, is screwed 
down upon the specimen. The bearing head contains a spherical seat. A more detailed 
description of the machine and its operation can be found in Reference 1. 
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TEST PROCEDURE AND APPARATUS 

Static Tests 

Tests to determine static values for compressive and splitting tensile strength 

were conducted with a universal testing machine. For those, specimens equipped 

with strain gages, the oscillographic recording equipment was used to maintain a 

record of the load and strain in the specimen. An example of this arrangement 
may be seen in Figure 3. The compression loading rate was 30 psi/sec and the 

tensile loading rate was approximately 3 psi/sec. 

Sonic Tests 

Just prior to capping, the modulus of elasticity and Poisson's ratio were 

determined by the sonic method on each of the cylinders instrumented with strain 

gages. The sonic values were computed from the fundamental longitudinal and 

torsional frequencies of each cylinder. The method and apparatus used conformed 

with American Society for Testing Materials (ASTM) Designation C215-60: "Stan¬ 

dard Method of Testing for Fundamental Transverse, Longitudinal, and Torsional 

Frequencies of Concrete Specimens." 

Dynamic Tests 

Compression test specimens with strain gages in place were initially preloaded 

in the universal testing machine. Longitudinal and transverse strain readings were 

taken with an electronic strain indicator. The maximum static load was 1,130 psi for 

the medium-strength concrete and 2,120 psi for the high-strength concrete. After the 

static loading, the specimens were taken to the dynamic testing machine and broken. 

The test arrangement for dynamic testing is illustrated in Figure 4. 

The dynamic splitting tensile test arrangement is illustrated in Figure 1. When 

a compressive load is applied along the circumference of the cylinder as shown in 

Figure 1, it sets up a uniform tensile stress over the diametral plane containing the 

applied load and tensile fracture occurs along this plane. Special care was taken to 

center the test specimen in the testing machine. Cardboard bearing strips (1/32 inch 

thick by 3/4 inch wide by 6-1/4 inches long) were used to distribute the compressive 

load on the cylinder. The decision to use cardboard instead of the 1/8-inch-thick 
plywood normally recommended for a bearing surface was made after considerable 

difficulty was experienced with the plywood. The splitting tensile strength indicated 

with plywood strips was approximately 180 psi higher than the values obtained with 

the cardboard bearing strips. (See Appendix.) 
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Figure 4. Equipment setup for conducting dynamic compressive-strength tests.



TEST RESULTS 

The resulte of all teste conducted on compression test specimens are shown in 

Tables 1, 2, 3, and 4. Typical oscillograph records of compression teste are shown 

in Figure 5. The stress and strain rates listed for cylinders tested in the 10^ psi/sec 
range are average rates for the whole test. A linear relationship with time did not 

exist for the stress or strain at the low rates of loading. At the two highest rates of 

loading the stress rate was reasonably uniform (see Figure 5b) after an initial accel¬ 

eration. The linear portion of the load curve just prior to maximum stress was 

selected to calculate the stress rate. In two groups of tests, the rate of increase in 

the first part of the load curve was much greater than the rate of increase in the 

remainder of the test. (See Figure 5a.) As noted above, the last part of the curve 
was used to calculate the stress rate. 

Determination of the longitudinal strain rate was much more arbitrary than 

determination of stress rate. The strain rate became reasonably linear at a later 

stage of the test and the rate of strain at this linear portion of the test was selec¬ 

ted as representative. The average rates both for stress and strain (zero load to 

maximum load) were computed for comparison with the selected rates. Although 

the difference between the selected and average rates for any one specimen was 

high in some cases, the effect on the relationships developed is negligible. 

The results of the splitting tensile tests are shown in Tables 5 and 6. Typical 
oscillograms of the tensile teste are shown in Figure 6. 
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Figure 6. Typical oscillograms of dynamic tensile-strength tests. 
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Table 5. Splitting Tensile Strengths for Medium-Strength Concrete 
at 28 and 49 Days of Age 

28-Day Concrete!-/ 49-Day Concrete?-/ 

Cylinder 

No. 

Stress 
Rote 

(psi/sec) 

Strain 
Rate 

(in./in./sec) 

Tensile 
Strength 

(psi) 

Cylinder 
No. 

Stress 
Rate 

(psi/sec) 

Strain 
Rate 

(in./in./sec) 

Tensile 
Strength 

(psi) 

145 
146 
147 
148 
149 
150 

Average 

163 
164 
165 
166 
167 
168 

169 
170 
171 
172 
173 
174 

157 
158 
159 
160 
161 
162 

151 
152 
153 
154 
155 
156 

3 
3 
3 
3 
3 
3 

650 
680 
700 

1,460 
670 
660 

46 X 103 
41 X 103 
47 X 103 
45 X 103 
46 X 103 
46 X 103 

250 X 103 
240 X 103 
260 X 103 
260 X 103 
260 X 103 
270 X 103 

700 X 103 
1,060 X 103 

750 X 103 
560 x'lO3 
560 X ’103 
770 X 103 

4 X lO"6 
4 X 10-6 
4 X lO"6 

4.8 X 10-4 

5.0 X lO“4 
5.8 X 10“4 

3.4 X 10-2 
2.6 X 10-2 
2.7 X 10-2 

0.16 
U. 14 
0.18 

0.28 
0.27 
0.27 

560 
430ly 

475 
J65 
470 
480 
515 

670 
665 
610 
610 
615 
670 

750 
775 
820 
705 
720 
680 

890 
865 
900 
880 

805 
860 

1,010 

258 
259 
260 
261 
262 
263 

Average 

264 
265 
266 
267 
268 

270 
271 
272 
273 
274 
275 

276 
277 
278 
279 
280 
281 

282 
283 
284 

285 
286 
287 

3 
3 
3 
3 
3 
3 

650 
670 
660 
670 
670 

37 X 103 
38 X 103 
38 X 103 
39 X 103 
37 X 103 
39 X 103 

210X 103 
210 X 103 
210 X 103 
130 X 103 
180 X 103 
200 X 103 

610 X 103 
620 X 103 
630 X 103 
600 X 103 
620 X 103 
600 X 103 

3 X 10*6 
6 X IO“6 
9 X 10-6 

3.8 X 10"4 
3.2 X lO"4 
3.5 X 10-4 

1.8 X 10-2 
2.3 X lO"2 
2.0 X lO*2 

0.11 
0.10 
0.08 

0.16 
0.20 
0.18 

555 
630 
535 
560 
580 
605 
575 

660 
715 
710 
550 
610 

775 
750 
665 
790 
745 
700 

790 
845 
860 
850 
835 
835 

970 
1,045 
1,010 

995 
1,040 

995 

J_/ Compressive strength (four cylinders) = 4,570 psi. 
Tj Compressive strength (four cylinders) = 5,520 psi. 

Not used in average. 
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OBSERVATIONS 

i- 

Compression Tests 

The effect of increased stress rate on the compressive strength of concrete is 
illustrated in Figure 7; when compressive strength is plotted against the stress rate 
on a log scale, a curvilinear relationship exists for all of the concretes tested. 

Figure 8 shows the numeric increase in compressive strength as a function of 
stress rate. For a given curing condition, the high-strength concretes generally have 
the greatest rate of increase in compressive strength. Drying the concrete lowers the 
rate of increcse in compressive strength at the lower stress rates for both strengths of 
concrete. The effect of drying seems to be more pronounced in the high-strength 
concrete. 

Figure 9 shows the percentage increase in compressive strength as a function 
of the compressive stress rate for each concrete mix. The 28-day, medium-strength 
concrete exhibits the greatest percentage increase, primarily because of its lower 
static strength. Increases of 45% and 39% for the 28-day medium- and high-strength 
concretes, respectively, were obtained at the maximum stress rates. For the 49-day 
concretes the increase was 35% and 24% for the medium- and high-strength concretes, 
respectively. 

The results of tests conducted by Watstein^ are shown in Figure 9 for comparison 
with the values obtained in the present tests. The rate of static loading used by 
Watstein was 6 psi/sec compared to the 30 psi/sec used in the NCEL tests. The lower 
static-loading rate would give a slightly lower static strength and in turn this would 
raise the computed percentage increase in compressive strength at higher testing rates. 
Tests by the Bureau of Reclamation^ and by Jones and Richard show that a reduction 
in loading rate from 30 psi/sec to 6 psi/sec could lower the compressive strength by 
4% to 5%. Watstein^ tabulated the maximum stress rate as well as the average stress 
rate for each test. A significant change in the curve representing his data exists at 
the higher stress rates when the maximum stress rate is used instead of the average 
stress rate. Curves representing both sets of data are displayed in Figure 9. 

Figure 10 illustrates the effect of strain rate on the compressive strength of 
concrete. The curves generally are much the same as those shown in Figure 7 for 
the effect of stress rate on compressive strength. Because more test specimens were 
involved in the stress-rate tests than in the strain-rate tests, the curve for the 49-day, 
high-strength concrete was adjusted to more closely fit the test result groupings (ordi¬ 
nate) illustrated in Figure 7. Other ordinate values in Figure 10 corresponding to 
those in Figure 7 are in close agreement. Because the tests are reasonably consistent 
in rate of loading, the strain-rate grouping should also be consistent. Figure 11 shows 
the percentage increase in compressive strength as a function of the strain rate for 
each concrete mb . Watstein's^ test results are also included for comparison. | 
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Figure 10. Strain rate versus compressive strength of concrete. 
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Figure 11. Strain rate versus percentage increase in compressive strength of concrete. 
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Figures 12 and 13 show the effect of stress rate on the secant modulus of 
elasticity for both strengths and for both curing conditions of the concrete. Average 
values for specimens at each test rate were used. The 28-day, high-strength concrete 
cylinders and the 49-day, medium-strength concrete cylinders had load-versus-time 
curves similar to the trace shown in Figure 5a when the cylinders were tested at the 
105 psi/sec load rate. The initial phase of the test had a much higher stress rate; the 
average stress rates for these two groups have been adjusted to conform to the stress 
rate experienced by the cylinders at the strain value used for computing the modulus 
of elasticity. Of the concretes tested, the 28-day, medium-strength concrete had the 
largest percentage increase in modulus of elasticity. The primary cause of the differ¬ 
ence in the percentage increase curves is the lower static value for the 28-day, 
medium-strength concrete. The actual numeric increase in modulus of elasticity is 
similar for the 28-day concretes and 49-day concretes. Drying the concrete reduced 
the rate of increase at the lower stress rates but appears to have had very little effect 
at the maximum stress rate. Watstein's^ results are shown in Figure 12 for comparison 
with the NCEL tests. 

Figures 14 and 15 show the effect of high stress rate on the stress - strain curve 
of concrete. These figures were prepared by averaging, at progressively higher strain 
increments, the stress of the cylinders tested at a given stress rate. The linear portion 
of the stress-strain curve becomes longer as the stress rate increases. It is doubtful 
that the increase in linearity exhibited is significant when compared to the increase 
in compressive strength. The slope of the stress-strain curve becomes slightly steeper 
with increasing stress rates. This increase in slope is represented by the increase in 
modulus shown in Figures 11 and 12. As stress rate increases, the increase in strain 
at maximum stress appears small; however, the test results were quite erratic and no 
definite conclusions can be made as to the extent of this apparent increase in strain. 
The increase in strain energy with rate of loading shown in Tables 1 through 4 is due 
primarily to the increase in compressive strength of ^he concrete. 

The values of sonic modulus of elasticity as computed from the resonant 
frequency of each cylinder exceeded both the static and dynamic modulus of elasti¬ 
city in all tests (Tables 1 through 4). An effort was made to correlate the sonic modulus 
with the initial tangent modulus of elasticity under dynamic loading. However, the 
tangent modulus was not well defined and therefore its value was subject to individual 
interpretation. 

Poisson's ratio was determined by dividing the lateral strain by the longitudinal 
strain at a longitudinal strain of 0.001 in./in. Although no consistent relationship 
with rate of loading could be determined, there was a significant increase in Poisson's 
ratio at the higher loading rates. 

No difference could be seen between the appearance of the fractures of static 
test specimens and the appearance of fractures of dynamic test specimens. However, 
the broken fragments of the 49-day, medium-strength specimens appeared dry, whereas 
those of the 49-dc high-strength specimens had a damp appearance. 
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(b) 28-day, high-strength concrete. 

Figure 14. Consolidated stress-strain curves for 28-day concrete. 
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(b) 49-day, high-strength concrete. 

Figure 15. Consolidated stress-strain curves for 49-day concrete. 

27 



Splitting Tensile Tests 

The effect of stress rate on the splitting tensile strength of concrete is shown 

in Figures 16 and 17. The stress was computed from the applied load as shown in 

the Appendix. The same general trend was exhibited by the concrete in the splitting 

tensile tests as in the compression tests. The splitting tensile-strength properties of all 

of the concretes showed considerable sensitivity to increasing stress rates. The rate of 

increase in splitting tensile strength is slightly greater for the 28-day, high-strength 

concrete than that observed for the 28-day, medium-strength concrete. There were 

not sufficient data to clearly define the increase in splitting tensile strength of the 

28-day, medium-strength concrete at the maximum stress rate (Figure 16). Electrical 

noise in the recording system at or about the maximum load was believed to have 

distorted the load trace on all but one of the tests. However, the relationships are 

well defined up to a stress rate of 2 x 10^ psi/sec. The effect of drying the concrete 

was similar to that experienced In the compression tests in that the rate of increase 

in splitting tensile strength was reduced. At the maximum test rate, the 49-day, 

medium-strength concrete exhibited a very large increase in splitting tensile strength; 

this result seems to be at variance with the general trend of the dry concretes. 

Figure 18 shows the percentage increase in splitting tensile strength with 

increasing stress rate. The medium-strength concrete shows the greatest increase, 

primarily because of its lower values for static strength. The 28-day concretes and 

49-day concretes appear similar when the increase in splitting tensile strength is 

presented as a percentage of their static tensile strength. Up to stress rates of 10^ 

psi/sec, each age group could be represented by one curve with a maximum deviation 

of ±3% from either curve in the age group. At stress rates above 1()5 psi/sec, the 

rate of increase in splitting tensile strength for the two concretes appears to change 

and the above relationship no longer exists. The maximum increase in splitting ten¬ 

sile strength for the 28-day, medium-strength concrete was 64% at a stress rate of 

2.5 x 105 psi/sec. The 28-day, high-strength concrete increased 74% in splitting 

tensile strength over the static value at the maximum stress rate (6.25 x 105 psi/sec), 

while the 49-day, medium- and high-strength concretes showed increases of 64% and 
46%, respectively. 

The increase in load with time was reasonably linear for the splitting tensile 

tests. The increase in strain with time was slightly curvilinear. The strains registered 

at each end of a cylinder were not equal despite the care taken in centering and 

vertically aligning the cylinders in the testing machine. In most tests, one gage would 

show a reduction in strain at failure while the other gage continued to show an increase 

in strain. These unequal strain values apparently were caused by the crack initiating 

at one end of the cylinder and progressing through the cylinder to the opposite end. As 

the crack progresses, the uncracked end may tend to pinch together, indicating a reduc¬ 

tion in strain. This effect was much more pronounced when the plywood bearing strips 

were used. Most tensile strains at failure were beKveen 300 and 400 fiin./in., regardless 
of either the rate of loading or the strength of the concrete. 
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The effect of strain rate on the splitting tensile strength of concrete is shown 
in Figures 19 and 20. The plotted points represent the average strain rate of the 
two gages. The curves are generally similar to those shown for stress rate. The 
stress-rate test groupings were used to obtain a more representative curve for strain- 
rate effects. Figure 21 shows the percentage increase in splitting tensile strength as 
a function of the strain rate. Up to a strain rate of 0.1 in./in ./sec the percentage 
increase for concretes of the same age (and therefore the same moisture condition) 
are in very close agreement. The agreement is even closer than that illustrated in 
Figure 18 for stress rate. 

DISCUSSION 

With increased rates of loading, both the medium- and high-strength concrete 
showed an increase in compressive strength, modulus of elasticity, and Poisson's 
ratio. For a given curing condition, the rate of increase in compressive strength 
with increasing load rates appears to be a function of the static compressive strength. 
The high-strength concretes show a more rapid rate of increase in compressive strength 
with increasing load rates than do the low-strength concretes. When the increase in 
compressive strength is computed as a percentage of the static strength, the curves for 
the high- and medium-strength concretes are quite similar. The relationship shown 
for percentage increase in compressive strength as a function of strain rate (see 
Figure 11) indicates that the dynamic strength of the two concretes can be reliably 
estimated by means of a single curve. The strain-rate curves for the 28-day, medium- 
and high-strength concretes do not vary from each other by more than 4%. Drying 
the concrete lowers the percentage increase in compressive strength for both strengths 
of concrete. The correlation between various 49-day (dry) concretes is not as good 
as that demonstrated by the 28-day (wet) concretes. The maximum difference between 
the strain-rate curves for 49-day, medium- and high-strength concretes is 10% at the 
maximum strain rate. 

Figure 22 has been prepared to compare NCEL test results with the recommended 
values extracted from the Corps of Engineers Manual (CEM)5 and the Air Force Manual 
(AFM).6 The CEM and AFM curves are primarily based upon Watstein's work.2 The 
variation between the two curves is undoubtedly due to individual variations in 
interpretation of Watstein's data by the two services. The AFM has assigned an unre¬ 
alistically high value of 6.95 x 10‘5 in./in./sec as the strain rate for static tests. The 
CEM indicates this same strain rate for 0% increase in compressive strength but also 
indicates a more reasonable value of approximately 1.2 x 10"5 in./in./sec as the rate 
of strain for standard compression tests on 28-day concrete. For comparison, the curves 
for the 28-day strengths were combined and the 49-day strengths were combined; the 
AFM value of 6.95 x 1CT5 in./in./sec is used as the strain rate at 0% increase. The 
curve for the 28-day concrete agrees quite closely with the CEM curve. The curve 
for the 49-day concrete shows a slower rate of increase in strength. At the maximum 
strain rate, the reduction is approximately 10% below the average for the 28-day 

,, concrete. 
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Data is available on only two other sets of dynamic tests. One was conducted 
by R. H. Evans,? who used concrete cubes fabricated with aluminous cement. Evans 
did not find any appreciable increase in compressive strength until the rate of stressing 
approached 105 psi/sec. Because of the marked difference in chemical composition 
between aluminous and portland cements, it is not surprising that the test results are 
not in closer agreement. Another set of tests was conducted at the Waterways 
Experiment Station (WES)8 on l-l/2-inch-dîameter by 3-inch-long cylinders. Because 
of the design of the testing machine, the dynamic tests were conducted at one speed. 
Test results showed there was approximately the same percentage increase regardless 
of the static strengths. The three strengths of concrete (1,960, 2,770 and 3,920 psi 
static compressive strength) showed increases in compressive strength of 37%, 39%, 
and 33%, respectively, at stress rates ranging from 3 x 10^ to 5.9 x 10^ psi/sec. 
Even though the tests were conducted at a faster loading rate than that used in the 
present test group, the percentage increases are much smaller. A possible explanation 
may be the smaller maximum size of the aggregate (3/8 inch versus 3/4 inch in the 
present tests) and the smaller cylinder size. The cylinders at WES were removed from 
fog curing at 21 days of age and remained at ambient room temperature and humidity 
until tested at 28 days of age. It is likely that drying the small cylinders also caused 
a reduction in the percentage increase in compressive strength at the high stress rate. 
As observed in the NCEL tests, the WES tests show that the increase in compressive 
strength becomes greater as the static compressive strength increases. 

It is apparent that the increase in compressive strength at a given strain rate 
is much greater for concretes tested in a saturated or near-sa tu rated condition than 
for concretes in a dry or semidry condition. Therefore, a factor to take into consid¬ 
eration when estimating the increase in compressive strength due to blast loading is 
the type and length of curing given the concrete up to its age at testing. If the 
concrete is maintained in a saturated condition and then allowed to dry out as was 
done in the present test series, no real risk would result from using either the 28-day 
or CEM curves shown in Figure 22. Because drying increases the strength of concrete, 
medium-strength concrete and high-strength concrete were 24% and 18% stronger, 
respectively, at 49 days of age than at 28 days. This increase in compressive strength 
more than compensates for the reduced rate of increase in compressive strength due to 
rate of loading exhibiled by the dry concretes. However, it is unlikely that a structure 
will be moist cured for the full 28 days. It is more reasonable to assume that the 
structure will be moist cured for 7 days or cured with a protective membrane to reduce 
evaporation. For either condition of curing, the moisture condition of the concrete 
will probably be closer to that of the 49-day cylinders than to that of saturated 
concrete. 

The curves shown in Figure 23 for 28-day and 49-day concretes are 
recommended for design purposes. The decision as to which curve to use in estimating 
the probable increase in compressive strength under dynamic loading will depend on 
the design and curing conditions, but the curve for the dry condition seems to be the 
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most realistic. The effect of age on the dynamic characteristics of the concrete is 

not known. Both the medium- and high-strength concretes were still losing weight 

after 21 days in a 20% RH environment. It is possible that a further reduction in 

moisture content might further reduce the rate of increase in compressive strength. 

The application of the splitting tensile-strength test data to the design of 

blast-resistant structures would most logically be in the design of beams to resist 

diagonal tension. As stated in CEM^: "The ultimate strength of concrete in tension, 

shear, and bond may also increase under rapid rates of strain. However, due to lack 

of data on the effects of strain rate, the ultimate static test values of shear stress, 

tensile stress, and bond stress should be used in dynamic design." The present tests 

have shown that concrete in splitting tension exhibits considerable sensitivity to 

strain rate. Present studies at NCEL on shear resistance of beams will help in 

determining the rafe application of this information as a modification to present 

criteria on blast-resistant design. 

The WES® tests also included a group of splitting tensile-strength tests for 

each concrete. The low-, medium-, and high-strength concretes had increases in 

tensile strength of 75%, 74%, and 73%, respectively, at stress rates ranging from 

6 X 10^ to 1.1 X 10^ psi/sec. These values are very close to those determined in 

the present NCEL tests. 

1 
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FINDINGS AND CONCLUSIONS 

Compression Tests 

1. Both strengths of concrete (medium and high) exhibited an increase in values 

for mechanical properties over the static values as the rate of loading increased. 

Mechanical properties measured were compressive strength, modulus of elasticity, 

and Poisson's ratio. 

2. The high-strength concrete showed the greater sensitivity to stress rate. For the 

28-day-old concrete, the high-strength concrete increased in strength over static 

values by 2,900 psi (39%) compared to 1,750 psi (45%) for the medium-strength con¬ 

crete at the maximum stress rate. 

3. Allowing the concrete to dry out reduced the rate of increase in strength 

over static values at the low and intermediate stress rates. The reduction was most 

pronounced in the high-strength concrete. For the 49-day-old concrete, the high- 

strength concrete increased in strength 2,080 psi (24%) at the maximum stress rate 

compared to 1,710 psi (35%) for the medium-strength concrete. 

4. The secant modulus of elasticity increased 28% and 17% over static values for 

the 28-day medium- and high-strength concretes, respectively, at the maximum stress 

rates. The increase in secant modulus of elasticity was slightly less for the dry, 49-day 

concretes at the maximum stress rate. The reduction in rate of increase was most evi¬ 

dent at the intermediate stress rates for the dry concretes. 

Splitting Tensile Tests 

1. The splitting tensile strength of concrete shows considerable sensitivity to the 

rate of loading. The maximum increase in strength over static values for the 28-day, 

medium-strength concrete was 64% at a stress rate of 2.5 x 10^ psi/sec. The 28-day, 

high-strength concrete increased in strength by 74% at the maximum stress rate of 
6.25 x 105 psi/sec. 

2. Drying the concrete reduces the rate of increase in strength over static values, 

both for the medium- and high-strength concrete. At the maximum stress rate 

(6.25 x 10^ psi/sec) the percentage increases were 64% and 46% for the 49-day, 

medium- and high-strength concretes, respectively. 

RECOMMENDATION 

The recommended permissible increases in compressive strength for concrete 
subjected to high strain rates are shown in Figure 23. 
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Appendix 

INVESTIGATION OF BEARING-PAD MATERIAL FOR USE 

IN SPLITTING TENSILE-STRENGTH TESTS 

Results of splitting tensile-strength tests are dependent on the tensile stress 

developed when a cylinder is compressed on its circumference between two dia¬ 

metrically opposite longitudinal generators on its surface. The stress at any point 

can be calculated by elastic theory. The maximum tensile stress acts normal to the 

loaded diametrical plane of the specimen and can be computer! with the following 
equation: 

T 
2 P 

TTdl 

where T = splitting tensile stress 

P = applied load 

d = specimen diameter 

I = length of specimen 

The derivation of this equation can be found in References 9 and 10. 

The primary function of a bearing pad between the cylinder and the loading 

heads of the testing machine is to redistribute the load from a line bearing longi¬ 

tudinally along the circumference of the cylinder, which produces excessively high 

compressive stresses, to a larger area. Several studies (References 9, 11, 12, 13 and 

14) have been made on the types and widths of bearing materials necessary to ade¬ 

quately distribute the load and prevent crushing of the concrete. The best material 

and size of bearing pad has not yet been determined. The stress distribution with 
various pad widths has been calculated by various individuals.^/10, 15 Rudnick 

et al ^ refer to an analysis in which Peltier's^ results indicate that the tensile 

stresses can be held uniform over a reasonable proportion of the loaded diameter 

>f the width of the bearing area, b, is less than one-fifth the specimen diameter, d. 

Hondros1° and Wright9 used b/d latios of 1/10 and 1/12, respectively. A large 

bearing area does not alter the maximum tensile stress on the cylinder but it does 

reduce the effective area over which the uniform tensile stress acts within the 
cylinder. 

When small cylinders (3-inch diameter) were used in this NCEL study, it 

became evident that the 1/8-inch-thick by 1-inch-wide plywood bearing strips 

specified by ASTM 496-64T were not giving the correct tensile stress at failure. 

The static splitting tensile strength appeared to be much too high when compared 
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to tensile strength values shown in the literature for equivalent compressive strengths. 
It was noticed that the load trace during a test had a distinctive hesitation or a slight 
dip as it approached ultimate. This dip was believed to have been caused by the 
initial cracking of the specimen. Careful visual observation during static testing did 
not reveal a correlation with the first visible crack with the load dip in all of the 
tests. The depression in the plywood caused by loading the cylinder definitely pre¬ 
vented the cylinder from separating after it had failed in tension. Because reduction 
of the bearing width of the plywood strips used in the dynamic testing machine proved 
unsatisfactory, tests were conducted to determine the suitability of cardboard pads. 

To select the proper cardboard thickness, a test series was conducted in which 
the effect of thickness and width of bearing material could be observed on 3-inch by 
6-inch cylinders. The bearing width in these tests was limited by the pad thickness. 
The following table shows the results of this test series: 

Pad 
Material 

Size of Pad Average 
Stress!/ 

(psi) 

Standard 
Deviation 

(psi) 

Coefficient 
of 

Variation 
(%) 

Thickness 
(in.) 

Width 
(in.) 

None 

Cardboard 

Cardboard 

Cardboard 

Cardboard 

Plywood 

Plywood 

Plywood 

0.06 

0.04 

0.06 

0.04 

0.125 

1.0 

1.0 

0.3 

0.3 

1.0 

524 

579 

574 

521 

568 

7482/ 

6865/ 

7104/ 

35 

40 

40 

66 

38 

32*' 
\ 

6.5 

7,0 

6.9 

12.7 

6.8 

4.3 

\j Average of five cylinders (3 by 6 inches). 
7j Stress at maximum load. 
3y Stress at first visible crack. 
4y Stress at load hesitation or load dip. 

Average compressive strength of five cylinders was 5,580 psi. 
An analysis of variance showed that at the 0.90 probability level no significant 

effect was caused by variations in the width or thickness of the cardboard bearing 
material. 
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Another function of the bearing pad is to fill in irregularities along the 
cylinder surface caused by the mold. This was not a problem in this series of tests 
because the cylinders were cast in steel molds of uniform cross section. 

On the basis of these tests of bearing pads, a thin, wide cardboard bearing 
pad was selected for use in the splitting tensile-strength tests. 
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