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• STABILIZATION of sands has been achieved by many methods, such as mechanical, 
chemical, addition of admixtures, grouting, and compaction. Of these methods, the 
most economical has been compaction, which can be achieved in many ways; for ex-
ampled, rollers, vibrotampers, and vibrofiotation. 

It has been reported that heavy duty pneumatic rollers imposing a pressure of about 
150 psi have compacted sand to a depth of 6 ft below the ground surface. Vibrotampers, 
weighing 435 lb, operating at 2,100 cpm and producing a compacting force of 10,000 lb 
are reported to cause compaction of over 95 percent of modified AASHO on lifts up to 
15 in. in one pass or two. The vibrofiotation process, which imparts a centrifugal 
force of 10 tons at 1,800 rpm, is reported to compact sand up to a radial distance of 
5 ft giving densities of 90 percent of optimum to depths m the range of piling. 

Much laboratory research has been done on compaction of sands. One project con
ducted at the California Institute of Technology (1_) by placing on the surface of a sand 
pit 10 ft square and 6 ft deep, an oscillator weighing 61 lb and driven at frequencies 
from 170 to 3,450 rpm led to the conclusion that the maximum compaction was obtained 
at resonant frequency involving several variables such as elastic constant of soil, v i 
brator dimensions, weight of vibrator, dynamic force, and base plate dimensions. 
Maximum density from 90 to 95 percent of Modified AASHO was obtained in a few 
seconds to a depth of twice the width of the oscillator. 

The authors felt, after reviewing the field practice and laboratory research on the 
subject, that it would be profitable to investigate the compaction of sand with almost 
weightless tampers having several base plate dimensions and operated mechanically 
at the surface of dry sand at varying frequencies including the supersonic range. It 
was also decided to include some evaluation of the maximum possible laboratory sand 
density in view of the fact that though several methods have been suggested, none has 
been accepted so far as a standard. 

APPARATUS 

The compaction apparatus was constructed by attaching three aluminum plates 3 by 
2 % in . , 4 by 2 % in . , and 5 by 2 % in. of Xa-in. thickness one at a time to the cone of 
a heavy duty loud speaker, as seen in Figure 1. 

The speaker and plate were made to vibrate by an audio-oscillator augmented by an 
amplifier. A voltmeter across the supply line controlled the input voltage to prevent 
overloading the speaker. A cathode-ray oscillograph helped in the calibration of the 
audio-oscillator and also m the regulation of the precise frequency during the tests. 

The sand to be compacted was contained in a glass-sided tank with a grid of 1-in. 
squares painted on one side. This tank was placed on a three-legged jack to permit 
raising and lowering of the tank during the compaction process. The complete apparatus 
is shown in Figure 2. 

The dry sand chosen for the investigation has a uniformity coefficient of 4.35 and a 
grain-size distribution as shown in Figure 3. According to Hough (2), "an ordinary 
beach sand 'processed' to some extent by wave wash would have a (uniformity) coef
ficient of about 2 to 6." The selected grading thus has the uniformity coefficient of 
beach sand and in addition it fits within the gradmg limits for a well graded sand as 
specified by AASHO, M6-51, (3) as shown in Figure 3. 
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F i g u r e 1. D e t a i l s of speaker and tamper. 

Figure 2. General view of apparatus. 
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Figure 3. Mechanical a n a l y s i s of sand. 

200 Placing of Sand 

In order to obtain minimum and uni
form density, sand was poured through a 
metal funnel connected to extension tubes 
of varying lengths such that the extension 
just about touched the surface. The fun
nel was moved horizontally without giving 
rise to free fall of the particles (see Fig. 
4). It was found that every layer needed 
the same weight of 1,400 g, which cor
responded to a density of 102.5 pcf. In 
between layers, sand retained on a No. 
60 sieve and dyed with red tint was sprink
led. 

Critical Frequency 

The determination of the critical fre
quency was carried out by observing the 
settlements of a piece of iron rod % in. 
in diameter and 7 in. in length, placed 
vertically on the sand surface as shown in 
Figure 5. A dial gage measured the set
tlement. The entire range of frequencies 
from 18 to 20,000 cps was tried with a 
duration of ya min each time, taking care 
to see that the sand density was 102.5 
pcf before each trial. Because the process 

of placing the oven-dried sand without segregation of sizes and with uniform minimum 
density was laborous and time consuming the entire range from 18 to 20, 000 cps was 
investigated by using a 3-in. tamper only. However, within the range that gave 

Figure k. Apparatus f o r p l a c i n g sand. 
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Figure 5. Apparatus f o r c r i t i c a l frequency. 

appreciable settlements (for example, 18 to 30 cps), tests were carried out with all 
three tampers. 

Evaluation of In-Place Density 
Each tamper was operated at the critical frequency of 25 cps, during 5 min. Before 

starting each experiment and at the end of each minute photographs were taken to record 
the change in the thickness of layers. Examples are shown in Figures 6 through 11. 

The reduction in the thickness of tiie layers is inversely proportional to the increase 
of the density of sand. Thus the change of the thickness of layers is a measure of their 
in-place density. On tracing each photograph, the in-place density at every point was 
calculated and lines drawn connecting equal densities, as shown in Figures 12 through 
16. 

Evaluation of the Tamping Force 
To evaluate the load on the soil from the tamper a proving ring was placed under the 

tamping rod, as shown in Figure 17. When the tamping rod was vibrated at 25 cps a 
force of 0.375 lb resulted. Thus the pressures exerted by the 3-, 4-, and 5-in. tampers 
were 0.045, 0.034, and 0.027 psi respectively. 

STANDARD FOR F I E L D COMPACTION 

Knowing that Proctor curves for sands are erratic and often not sharply defined as 
to maximum density, relative density was adopted as a standard for the study. The 
minimum density of the sand was found to be 96.2 pcf by following the funnel method 
with no circular motion and no free fall, as suggested by D'Appolonia (4). The maxi
mum laboratory density was obtained by the concrete flow table surcharge method 
of D'Appolonia which resulted in a maximum density of 117 pcf. 
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F i g u r e 6. Settlement of 5-in. tamper at 
0 fliln. 

F i g u r e 7. Settlement of 5-in. tamper at 
1 min. 
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F i g u r e 8. Settlement of 5-in. tamper at 
2 min. 

Figure 9. Settlement of 5-in. tamper at 
3 min. 
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Figure 10. Settlement of 5-in. tamper at 
k min. 

Figure 11. Settlement of 5-in. tamper at 
5 min. 
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Figure 12. Curves of equal density for 
$-in. tamper at 1 min. 
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Figure 13. Curves of equal density for 

5-in. tamper at 2 min. 
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Figure l l i . Curves of equal density for 
5-in. tamper at 3 min. 

Figure 15. Curves of equal density for 
5-in. tamper at \x min. 



50 

V 

K. 

•if 

108.0 pet 

114.0 pet 

3 = 

Figure l6 . Curres of equal density for 
5-in. tamper at $ min. 

RESULTS 

The effect on sand settlement and thus 
density of varying the vibration frequency 
is shown in Figure 18 and 19. The great
est increase of density was obtained at 
25 cps though vibrations above 800 cps did 
not increase the density at al l . 

The effect erf duration of the vibrations 
is shown in Figure 20 where it can be seen 
that 100 percent relative density is reached 
in 5 or 6 min when the critical frequency ol 
25 cps is used. The maximum density 
reached was 120.8 pcf which is larger than 
the 117 pcf reached by the D'Appolonia 
method and, therefore, was adopted as the 
maximum for computii^ relative density. 
Also, the area referred to is the region of 
greatest compaction and not the over-all 
space beneath the vibrating plates. 

Figure 21 shows that this region of 
greatest compaction moves down from the 
vibrating plate as the duration increases 
up to 5 or 6 min but as the plates get large] 
the ratio of the depth of maximum com
paction to the plate width reduces. 

The change with time in the depth above 
which there is 45 or more percent relative 

L 

Figure 17. Apparatus for evaluating tamping force. 
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Figure 18. Settlement vs frequency for 3-in. tamper. 
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Figure 19. Settlement vs frequency. 
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density is shown in Figure 22. Here again the ratio of depth of compaction to plate 
width reduces as the plate size increases. 

The change with time in the width within which there is 45 or more percent rela
tive density is shown in Figure 23. Here again the ratio of compacted area to plate 
width decreases as the plate width increases. 

CONCLUSIONS 

The results obtained indicate that 25 cps is the most efficient vibration frequency 
for compacting the dry sand used in the investigation over the tamper-size range used. 
The efficiency of higher and lower frequencies drops sharply from this optimum indi
cating that vibrations should not be applied at random frequencies but closely controlled 
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Figure 20 . Maximum compaction vs time. 
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Figure 21. Depth of maximum compaction vs 
time. 

Figure 22 , Compacted depth along center-
line (Djj = 0.1i5 or greater) vs time. 

Figure 23 . Compacted width at surface 
(Djj = 0.U5 or greater) vs time. 

for best results. Comparison of these results with those of other mvestigators indi
cates that the optimum,frequency may have to be determined for each soil. Even at 
optimum frequency the vibrations must be applied for an appreciable length of time to 
obtain reasonable densities. 

Maximum compaction is not attained immediately below the tamper but at some 
distance below the vibrating plate. The ratio of this distance to the plate width de
creased as the plate width became larger but not in a straight line variation. There 
is some evidence that this ratio varied with the tamping force because the tamping 
force also decreased as the plate size increased. 

The following conclusions may be derived from the experiments: 

1. Compaction of dry sand by vibration is controlled by the frequency of vibration 
and is the greatest at the critical frequency. 
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2. The critical frequency is the one that gives the greatest settlement of surcharge 
load. For the sand used, the critical frequency was 25 cps. 

3. Maximum compaction is not obtained immediately below the tamper but at a 
certain depth below the surface. 

4. No compaction was obtained at supersonic frequencies. 
5. The degree of compaction is a function of time and is represented by the equa

tion: 

° r - 1 -J0.356 +0.653t) 

6. Almost 100 percent compaction is obtained at the end of 6 min at the point of 
maximum compaction. 

7. Surcharge is effective in transmitting the maximum compaction to lower depths. 
8. The maximum depth and maximum width to which compaction is effective is an 

exponential function of tamper dimensions. 
9. In evaluating the relative density the minimum laboratory density can be deter

mined by using D'Appolonia's funnel method with no circular motion and no free fall, 
and the maximum laboratory density can be obtained by vibratory equipment used in 
this e:q)eriment run at critical frequency. 

F U T U R E SUGGESTED RESEARCH 

1. Laboratory maximum density might be determined by using a circular tamper 
of about a 4-in. diameter with the vibrator used in this experiment. The sand could 
be continued in a plastic cylinder about 4 in. high with a collar like a Proctor mold. 
The sand could be placed in four layers. The first layer should be 3 in. thick and the 
other three layers should be 1 in. thick. Each layer could be compacted at critical 
frequency for 6 mm. The collar could be removed and the excess sand trimmed off 
as in the Proctor test. The first layer is to permit room for the maximum compaction 
which would occur in the third inch below the surface with a 4-in. tamper. As the 
other layers are added, the point of maximum density would move up and the procedure 
should result in 4 in. of maximum density material. 

2. Field compaction by vibrotampers should be run at critical frequencies which 
could be estimated in situ or determined in the laboratory for each soil. 

3. The experiment on dry sand should be repeated with more variety of tamper 
dimensions to permit correlating the depth of maximum compaction with tamper di
mensions. 

4. The effect of moisture on the compaction of sand by vibration should be in
vestigated. 
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