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SYNOPSIS Transient load tests on dry sand shoved that an Increase in strain rate from 0.1 to 10,000 percent per 

minute caused only about 7 percent increase in strength for loose sands at all confining pressures or dense sands 

at low confining pressures; however a similar increase In strain rate caused about 20 percent strength Increase 

for dense sands at high confining pressures. It is suggested that this difference in behavior is indicative of a 

change in mechanism of strength mobilization and that the larger strength Increases are due mainly to the effect 

of strain rate on the energy required for particle crushing. The time-dependency of this phenomenon is illus

trated by a series of transient loading tests on saturated undrained samples in which the amount of the transient 

load Increase was insufficient to cause an lmnedlate failure; nevertheless pore pressures continued to Increase 

over a period of time and eventually failure occurred.

INTRODUCTION

The investigations of the effect of transient loading 

on the strength of sand have shown that the strength 

characteristics in terms of effective stresses are in

creased only slightly or not at all when the sand is 

loaded to failure in a fraction of a second. However 

these studies have generally been conducted at rela

tively low confining pressures where the strength is 

mobilized mainly by sliding friction and dilatancy 

effects.

As the confining pressure on a sand is increased, 

other factors such as particle crushing and rearrang

ing begin to have a significant Influence on the soil 

strength, and the rate of loading may therefore be 

expected to change the soil strength to some extent. 

Therefore, in an attempt to develop an improved under

standing of the effect of rapid loading on the strength 

of sand, tests were performed on samples of dry sand 

in both a loose and a dense state, and under a wide 

range of confining pressures. Tests were also per

formed on undrained samples of saturated sand to 

further illustrate the significance of particle 

crushing. The results of these studies form the sub

ject of this paper.

REV I EW  O F P R E V I O U S W ORK

Casagrande and Shannon (1948, 1949) appear to have 

been the first to study the effect of strain rate on 

the strength of soil. Noting that an increase in 

strain rate caused a considerable stiffening and 

strengthening effect on metals, wood and concrete, 

they performed transient loading tests on samples of 

clay and dry sand, and showed that for clay soils, an 

Increased strain rate from 1 to about 8000 percent per 

minute caused the strength to Increase by about 50 

percent, and the modulus of deformation to Increase by 

about 100 percent. For dry sands the strength in

crease was only about 10 to 15 percent and the modulus 

of deformation Increase was about 30 percent. Later, 

Seed and Lundgren (1954) performed transient loading 

tests on samples of dense saturated sand. They

observed that at high rates of strain there was insuf

ficient time to allow the pore water to drain from the 

sample. Therefore, all transient loading tests on 

saturated samples Invariably approached an undrained 

condition. The transient strengths of dense saturated 

samples were found to be about 40 percent greater than 

the strength under normal rates of loading. Although 

no pore pressures were measured, It was Inferred that 

a strength increase of 25 to 30 percent was due to the 

pore pressure decrease caused by the tendency for 

dilation, leaving a strength increase of 10 to 15 per

cent due to the effect of rate of loading.

Subsequently Whitman (1957) performed transient load

ing tests on dry and moist sand and found that both 

sands showed a strength Increase of about 10 to 15 

percent. Nash and Dixon (1961) performed slow and 

transient loading tests on saturated samples of sand 

with pore pressure measurements. In transient tests 

the pore pressure changes occurred in a smooth regular 

path, whereas in the slow tests the pore pressure 

changed by sudden Jerks. It was reasoned that these 

jerks corresponded to fracturing of particles. It was 

suggested that there was not time for particles to 

fracture in the transient tests, and therefore there 

would be more tendency toward dilation under rapid 

loading conditions. Whitman and Healy (1963) per

formed additional undrained trlaxial tests on satu

rated sands with pore pressure measurements, and 

showed that on an effective stress basis, the strength 

Increased by up to about 10 percent. However, they 

suggested that the increased strength was probably 

mostly due to an Increased tendency to dilation which 

led to lower pore pressures at high rates of strain. 

Data from a special torsion shear test was subse

quently presented (Whitman and Healy (1963) and Healy 

(1963) which confirmed that the dilation tendency 

Increases with Increasing rate of strain.

Shinning, Haas and Saxe (1966) have also presented 

additional data from transient loaded direct shear 

tests on dry sand, and concluded that dynamic effects 

are minimal.
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Unfortunately all of the transient load tests which 

have been reported were performed at pressures below 

about 1 kg per sq ca. In this range of confining 

pressures most loose sands dilate slightly, and dense 

sands dilate considerably during shear, and there

fore small strength increases due to additional dila- 

tancy may be expected under transient loading condi

tions.

No data Is available to Illustrate the effect of 

transient loading under high confining pressures. 

However, from numerous static tests It is known that 

the tendency to dilate diminishes with Increased con

fining pressure, and at high confining pressures even 

dense sands do not dilate when sheared.

An analysis of presently available data (Rowe, Barden 

and Lee (1964) and Lee and Seed (1966) suggests that 

the drained strength of sand is made up of 3 compon

ents as Illustrated on Fig. 1: sliding friction, 

dllatancy, and crushing and rearranging of particles.

Confining Pressure

(modified from P. W. Rowe, 1962)

Fig. 1 Components of Shear Strength in Drained Tests 

on Sand.

At all confining pressures the major component of 

shear strength Is the resistance to sliding friction. 

At very low confining pressures the soil dilates 

against the confining pressure as It Is sheared. This 

dilation requires energy and contributes significantly 

to the observed shearing strength of the soil. As the 

confining pressure increases the soil particles begin 

to crush as the sample Is sheared, and thus the amount 

of dilation decreases. However, crushing also absorbs 

energy and contributes to the total observed shearing 

resistance. Therefore, with higher confining pres

sures the component due to dllatancy decreases while 

the component of shear strength due to crushing in

creases .

The above concepts, as Illustrated on Fig. 1, were 

deduced from numerous drained tests on sands, perform

ed at normal slow rates of strain. It seems reason

able to suppose that the same general behavior should

d D U N L O P
also apply to tests performed at rapid rates of strain, 

although It might well be expected that the relative 

effects of the three components of strength might be 

different at different strain rates.

The basic component of shearing strength Is sliding 

friction, denoted by the friction angle ^  In Fig. 1. 

This represents the sliding resistance of one mineral 

grain with respect to another, without any complicat

ing effects of volume change or particle breakdown. 

Values of ify range from about 22 degrees for quartz to 

about 37 degrees for feldspar, with somewhat lower 

values being reported for layer lattice minerals such 

as mica (Tschebotarloff (1953), Horn and Deere (1962), 

and Rowe (1962).

Since the earliest experimental work of the 17th 

century, the coefficient of sliding friction has been 

assumed to be Independent of both normal pressure and 

rate of sliding. Terzaghl (1925) and later Bowden and 

Tabor (1956) have presented theoretical Justification 

for the experimental observation that for materials 

which yield plastically at asperity contacts the coef

ficient of sliding friction Is Independent of normal 

pressure. However, for materials which remain essen

tially elastic at contact points, for example sound 

quartz, it has been shown (Rowe (1962), Bowden and 

Tabor (1956) that the coefficient of friction de

creases somewhat with increasing pressure. Thus over 

a wide range In confining pressures, the angle of 

sliding friction between sand particles is likely to 

decrease slightly.

Concerning the effect of rate of sliding, Bowden and 

Tabor (1956) cite data which Indicate that at 

extremely rapid rates of strain, the coefficient of 

sliding friction between some metal surfaces Is less 

than that developed under slow rates of strain. How

ever, although Horn and Deere (1962) observed the 

"stlck-sllp" phenomena in some of their sliding fric

tion tests on minerals, they failed to observe any 

difference In the coefficient of friction of quartz 

when tested at sliding rates of 0.71 and 6.00 Inches 

per minute.

Therefore, from the limited Information available It 

would appear that the angle of sliding friction for 

soil minerals is probably essentlslly independent of 

rate of sliding, and in cases where the rate of 

sliding does have some effect, it will probably cause 

♦y to decrease somewhat as the rate of sliding in

creases .

For dense ssnds at low confining pressures the main 

component of shear strength other than sliding fric

tion is dllatancy. A summary of methods used to 

account for the effects of dllatancy Is presented 

elsewhere (Horn and Deere (1962) and Rowe (1962). For 

very dense sands at very low pressures dllatancy has 

been measured to contribute up to 14 degrees to the 

total observed angle of internal friction under slow 

rates of loading.

The effect of rate of loading on the dllatancy compo

nent of strength is extremely difficult to determine, 

since it requires accurate measurements of volume 

changes throughout the test. However, using a special 

torsion direct shear test on dense Ottawa sand, Healy 

(1963) observed a 10 to 15 percent increase in volume 

expansion at failure under transient rates of loading 

(1100 percent shear strain per second) compared to 

slow rates of loading (3 percent per second). This 

increase in dllatancy was accompanied by an increase
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In the measured strength of about 10 percent. The 

tuta were all performed at very low confining pres

sure« , below 1 kg per aq ca. It seeaa reasonable to 

conclude from theae results that the dilation com

ponent of shear strength Increases under transient 

loading conditions and that at low confining pressures 

this Increase aay account for approximately 10 percent 

increase In the observed strength.

The effect of transient loading on dllatancy at high 

confining pressures Is unknown. However, as Indi

cated In Fig. 1, It Is known that under normal rates 

of strain, dllatancy decreases with Increasing con

fining pressure, and becomes negative if the confin

ing pressure is sufficiently high. It seems reason

able to assume that the same trend would be observed 

at high pressures. Therefore, above a certain criti

cal pressure, dense samples would not dilate when 

sheared even under transient loading conditions.

The only way In which a dense sample can deform in 

shear is for the particles to slide over each other, 

or to crush and rearrange themselves with the crushed 

fragments going into the void spaces between the 

larger particles. As discussed previously, at low 

confining pressures the particles ride over each other, 

and there is little or no crushing. However, as the 

confining pressure Increases, the soil becomes less 

dllatant as a result of increased particle crushing. 

Time is required in order to crush soil particles, 

and energy is absorbed in the crushing and rearrang

ing process. This energy contributes to the total 

observed shearing strength of the soil. As indicated 

in Fig. 1, crushing contributes a fairly large pro

portion of the total drained shearing resistance of 

granular soil at high confining pressures.

No direct measurements have been made to determine 

the effect of strain rate on the energy absorbed by 

particle crushing. However, Casagrande and Shannon 

(1948) cite data which show that the strengths of 

solid materials such as wood, metals and concrete in

crease appreciably with increasing rate of strain. 

Failure of these types of materials involves breaking 

or crushing. Therefore, it would seem reasonable to 

assume that for samples of sand, an increase in 

strain rate would also cause a substantial increase 

in the crushing component of the total shearing 

s trength.

In the light of the preceding discussion, the 

presently available information concerning the effects 

of strain rate and confining pressure on the three 

main conf>onents of the strength of sands is simmarized 

in Table 1.

In view of the fact that particle crushing is likely 

to be more significantly Influenced by changes In 

strain rate than is the dllatancy component of shear 

strength, it would seem reasonable to expect that 

strain rate would have a proportionally larger in

fluence on the drained strength of sands at high con

fining pressures than at low confining pressures.

The static and transient loading tests on dry ssnd 

described hereafter were made for the purpose of In

vestigating this hypothesis.

For saturated undralned samples, particle crushing 

tends to reduce expansion characteristics resulting 

In higher pore pressures and lower strengths than 

would otherwise occur. Unfortunately It is not 

possible to obtain accurate pore pressure measurements 

for transient loading conditions. However, a special

EFFFCT OF TRAN SIEN T LOADIN G
type of transient loading test was used to Illustrate 

that at high pressures particle crushing can have s 

significant effect on the behavior of saturated sand 

under undralned conditions.

TRANSIENT LOADING TESTS ON DRY SAND

All drained strength tests were performed on samples 

1.4-Inch diameter by 3-1/2 Inches long. The samples 

were formed and tested In conventional trlaxlal com

pression cells at confining pressures ranging from 1 

to 15 kg per sq cm. The maximum value of 15 kg per 

sq cm was at least 4 kg per sq cm greater than the 

critical confining pressure required to cause dense 

samples of this sand to shear at constant volune at 

slow rates of loading. Thus, although volume change 

measurements were not possible under trsnslent loading 

It was reasonably certain that dense as well as loose 

samples tested under this high confining pressure 

would not dilate when tested at any rate of strain.

A gear driven constant rate of strain loading machine 

was used to perform the tests at the slower rates of 

strsln. For the high rates of strain the axial load 

was applied by means of a pneumatic piston which was 

separated fron a large volune supply of compressed 

air by a solenoid valve. The axial loads and deforma

tions were each monitored by appropriate transducers 

and recorded simultaneously on a strlp-chart recorder. 

By this means it was possible to perform tests at 

rates of axial strain as fast as 15,000 percent per 

minute.

The soil used was a clean, uniformly graded, fine sand 

with fairly angular grains. The sand was originally 

dredged from the Sacramento River near Antioch, 

California. The sand was first boiled for about 15 

minutes to loosen any fine dust and then washed 

between the No. 50 and No. 100 sieves. This remain

ing portion of the sand had a specific grsvlty 

G„ ' 1.1* W  - 1-1* “ d «.j, " 0.75. Tests 
were performed on samples prepared to initial relative 

densities of 100 percent and 38 percent respectively.

All tests were performed under fully drained condi

tions, I.e. provision was made to Insure that there 

would be no changes In pore pressure, even during 

very rapid rates of strain. Since the sand, porous 

stone and various fittings offer some resistance to 

water flow both to and from the sample and the trl- 

axial chamber, all transient loading tests were per

formed on oven dry samples using air as a confining 

and as a pore fluid. However, It was considered that 

under extremely rapid rates of strain there might be 

some change in the cell pressure and In the pore air 

pressure, which could be slgnlflcsnt at low confining 

pressures. Calculations showed that the poasible 

changes In the cell pressure were Insignificant. How

ever, possible changes In the pore air pressure could 

be significant in some cases If it was initially at 

atmospheric pressure. Therefore, to reduce this 

possible adverse effect, all drained tests were per

formed on specimens in which the pore air had been 

evacuated to -0.8 atmospheres.

Typical stress-straln data for normal and transient 

loading tests on loose and dense sauries at confining 

pressures of 1.04 and 15.0 kg per aq cm are presented 

in Fig. 2. An appraisal of the effect of transient 

loading can be obtained by comparison of the two 

curves shown on any one of the figures. At each 

density and confining pressure, the sample tested 

tnder transient loading was found to be both stlffer
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Table 1. Simary of Qualitative Conclusions Concerning the Effect of Confining Pressure and Race of Strain on 

the Components of Shear Strength of Dry Sands.

Component of 

Soil Strength

Effect of Strength aa Confining 

Preasure Increases
Effect on Strength as Strain Rate Increasea

Sliding

friction
Slight decrease.

Uncertain. Probably very little effect; If any

thing It contributes to small decrease In 

strength at high rates of strain.

Dilatency

Increaaes strength at low pressures. 

Effect reduced as pressure Increases, 

and becomea negative at very high 

confining pressures.

At low pressures dllatancy lncreaaea as the 

strain rate Increaaes and therefore contributes 

to an Increase In strength. The effect at high 

preaaures la uncertain, but It Is probably no 

greater than at low pressures.

Crushing

Insignificant effect at low preaaures. 

Contributes to an Increase In strength 

as pressure Increases.

Probably contributes to an Increase In strength 

at high rates of strain.

and stronger chan Che sample cested under normal, 

slowly applied loads. However, Che translenc loading 

effecCs appeared co be more pronounced for dense sam

ples Chan for Che loose samples, and greacesc of all 

for dense samples CesCed aC high confining pressures.

A number of ocher slow and CransienC loading tesCs 

were performed on loose and dense samples of chis sand 

using three confining pressures: 1.04, 6.0, and 15.0 

kg per sq cm. In all cases Che comparative results 

were similar Co Chose illuscrated by Che data in Fig. 2. 

The ultimate strength of each sample, defined by the 

maximum value of the principal stress ratio, is plot

ted against the axial strain rate in Fig. 3. While 

both loose and dense samples show some increase in 

strength with increasing rate of strain, the effect of 

transient loading appears to be greatest for dense 

samples at high confining pressures.

To illustrate the transient loading effect oure clear

ly the data in Fig. 3 is replotted in Fig. 4 to show 

the Increase in strength for a sample tested at each 

strain rate and confining pressure relative to that of 

a similar sample tested at a rate of strain of 0.1 

percent per minute. These data show that at a con

fining pressure of 15 kg per sq cm, the strength in

creases by more than 20 percent for a strain rate in

crease of 5 orders of magnitude. However, for the 

lower confining pressure, the transient strength was 

only about 7 to 10 percent greater than the normal 

strength over the same range of strain rates. For 

loose sands the confining pressure does not appear to 

have any Influence on the results, and at all confin

ing pressures the strength appears to Increase by 

about 7 percent for an Increase in strain rate of 5 

orders of magnitude.

Other observations were made of the effect of transloit 

loading on the strain at failure, and the modulus of 

deformation. In all cases it was found that the 

strain to failure was about 2 percent larger for the 

slow tests than for the transient tests. It was also 

found that transient loading caused a very slight in

crease in the modulus of deformation for loose sands. 

However, for dense sands the transient loading modulus 

was up to 100 percent greater than the modulus 

obtained by tests at normal rates of loading.

UNDRAINED TESTS ON SATURATED SAND

To further illustrate the significance of particle 

crushing on the strength and deformation behavior of 

sand, a number of tests were performed on saturated 

samples under undrained loading conditions. In view 

of the difficulties in measuring pore pressures 

accurately during transient rates of loading, an at

tempt was made to choose types of undralned tests 

which would illustrate the effect of crushing without 

the necessity of measuring pore water pressures dur

ing tti transient loading process.

The sand used for these undralned tests came from 

another location in the Sacramento River. However it 

had the same grain size distribution and was otherwise 

very similar to the Antioch sand used In the drained 

tests. Because the tests on dry sand had shown that 

crushing would be most significant for dense sands 

tested at high confining pressures, the undralned 

tests were all performed on samples prepared to an 

initial relative density of 78 percent, and anlso- 

troplcally consolidated to a confining pressure of 

30 kg per sq cm and a principal stress ratio of 2.8.

In each case the consolidation time was 2 hours. 

Previous studies had shown that this was more than 

sufficient to complete the primary consolidation and 

to reduce the secondary compression to a very slow 
rate.

At the end of the consolidation stage each sample sus

tained an axial devlator stress of 54 kg per sq cm. 

Since the drained strength at this confining pressure 

was 79 kg per sq cm, the samples were perfectly stable 

so long as free drainage was maintained.

At this stage in the tests, the drainage lines from 

the samples were closed and each sample was subjected 

to a small Increase in axial load. The behavior of a 

typical sample following this transient load increase 

is shown on Fig. 5. In this case the axial load was 

Increased to 62.5 kg per sq cm, and then held constant. 

Inmedlately there was a slight Increase in pore water 

pressure of about 0.6 kg per 6q cm. Since the sand 

was very pervious it is believed that the pore water 

pressures measured after one or two seconds following 

load application represent equalized values throughout
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Fig. 2 Typical Stress Strain Curves for Normal and Transient Loading Tests on Oven Dry Antioch Sand in Loose 

and Dense Conditions.

Che soil specimens. Compared to the total effective 

confining pressure of 30 kg per sq cm, the initial 

Increase in pore water pressure was rather insignifi- 

canC but with time it concinued to build up. At first 

the sample strained very little, but with continually 

increasing pore water pressure the strain began to 

accelerate, and soon the sample suddenly failed.

Other samples in the test series were subjected to 

different increases in axial load. In every case 

the results were similar, the only difference being 

in the time required for failure: the smaller the 

load increase, the longer the time to failure.
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Fig. 3 Effect of Strain Rate on the Strength of Oven-Dry Antioch Sand in Loose and Dense Conditions.

A rather curious test was the extreme condition shown 

on. Fig. 6. In this case the drainage line was closed 

after 2 hours, but the axial load was not changed. 

However, qualitatively the sample response was the 

aane aa for those samples subjected to a transient 

load Increase. Inmediately the pore water pressure 

began to increase and after about 1-1/2 hours the 

aaaple failed.

A aoaary of the times required to cause failure for 

different transient load Increases is shown on Fig. 7.

Depending on the magnitude of the load increase, 

failure could be induced.in times ranging from a few 

hundredths of a second to several hours.

In each of these cases it seems likely that particle 

crushing was the primary mechanism tending to compress 

the soil and increase the pore water pressures. For 

the samples subjected to transient load increases the 

major part of the crushing was caused by the increase 
in axial load. However the crushing did not occur 

suddenly; It was clearly a time-dependent process
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Fig. 4 Strength of Dense and Loose Oven Dry Antioch Sand Tested at Various Rate of Strain Relative to Strength 

at Strain Rate of 0.1 Percent per Minute.

occurring more rapidly under the higher load in

creases.

CONCLUSIONS FROM THE TRANSIENT LOADING TESTS

Trlaxial compression tests were performed on oven dry 

samples of loose and dense sand at confining pressures 

up to 15 kg per sq cm and axial strain rates ranging 

from 0.02 to 15,000 percent per minute. These tests 

showed that an Increase in strain rate produced an in

crease in strength, an increase in the Initial tangent 

modulus and a decrease in the strain at failure with 

the greatest changes in all three properties being 

observed for the dense sands and for the higher con

fining pressures. An increase in strain rate from 0.1 

to 10,000 percent per minute produced about 7 percent 

increase in strength for loose sands at all confining 

pressures. However for dense sands, a similar in

crease In strain rate caused about 20 percent strength 

Increase for tests at 15 kg per sq cm confining 

pressure but only about 7 ,to 10 percent strength

increase for tests at 1 kg per sq cm confining pres

sure.

The 7 to 10 percent Increase in strength of the dense 

sand at low pressure Is of the same order of magnitude 

as that observed by Healy (1963) for the very strongly 

dllatant dense Ottawa sand tested at low pressures. 

Since Healy determined that this Increase In strength 

under transient loading was accompanied by an Increase 

in dilatancy, it seems reasonable to conclude that the 

strain rate effect observed for the dense Antioch sand 

tested at low confining pressures was probably also 

due almost entirely to an Increased tendency to 

dilate.

However, the noticeably greater transient strength in

crease of about 20 percent for dense sands at high 

confining pressures as compared to low confining pres

sures is indicative of a change in mechanism of 

strength mobilization and is probably due mainly to 

the effect of strain rate on the energy required for
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Fig. 5 Transient Load-Creep Test on an Undrained Fig. 6 Creep Test on an Undrained Sample of

Sample of Saturated Sand. Saturated Sand.
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particle crushing. The time-dependency of this phen

omenon was illustrated by a series of transient load

ing tests on saturated undrained samples in which the 

amount of transient load Increase was not sufficient 

to cause an immediate failure. Nevertheless pore 

pressures continued to Increase over a period of time, 

and eventually failure occurred.

Thus It would appear that particle crushing makes an 

important contribution to the strength of dense sands 

tested under high confining pressures and leads to 

substantially higher strengths under rapid or tran

sient loading than under slow loading conditions.
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