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LABORATORY STUDY OF GROUND RESPONSE TO DYNAMIC DENSIFICATION 

by 

H. Y. Fang1 and G. W. Ellis2 
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Consolidation. 

ABSTRACT: 

This progress report presents the laboratory test results of 

dynamic densification (consolidation) on three distinct types of fill material 

including clay, sand a·nd flyash (silt). Various weights or pounder sizes, 

thickness of fill deposits, and densification ene~gy relating to the measured 

ground response are measured and evaluated. The ground response is measured 

by ~se of the pressure cell and the loads applied to the ground are controlled 

by an electromagnetic system. All results are summarized in graphical form 

including the effect of the pounder size, densification energy, soil type 

and number of drops of the pounder. 
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LABORATORY STUDY OF GROUND RESPONSE TO DYNAMIC DENSIFICATION · 

l. INTRODUCTION 

Dynamic densification is a mechanical process to consolidate loose soil 

deposits at great depths. The process used at the present time is not new. 

The largest construction project using this technique was during World War II 

in early 1940 when an airfield was built in Kunming, southwest China for 

Flying Tiger B-29 bomber landings. The method is frequently used around the 

world, especially in China, yet the little publicity given to it has encouraged 

little scientific study of the process. Figure l shows an early model of the 

dynamic densification equipment used in 1957 in China. The total pounder 

weight is about 36 .to 72 kN dropped from lOrn. In 1970, Menard Group (Menard 

and Braise, 1975) gave a scientific approach for the analysis of the dynamic 

densification process in which they included vibration during the in-situ 

consolidation process in correlation with basic geotechnical parameters and 

field subsurface investigations. Since then, this method has been widely 

used in many large-scale construction projects for densification of deep 

granular soils in Sweden, England, Australia, Germany, France as well as in 

the U.S.A. It also shows some success on soft clays (Qian, et ~., 1980; 

Ramaswamy,~~·, 1981). The dynamic densification equipment currently used 

in construction is shown in Fig. 2. The total pounder weight has reached as 

much as 200 tons (1,779 kN) and the height of drop has reached as high as 40m. 

The term 1dynamic densification 1 is known by several different names. 

The trade name used in the construction field in China is called 1 F1ying-Goose 1
• 

DeBeer and Vambeke (1973), West and S1ocombe (1973), ASCE (1978) and Menard 
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Group use the name 'dynamic consolidation•. Leonards, Cutter and Holtz 

(1980a, 1980b) utilize the term 'dynamic compaction•. Lukeas (1980) describes 

the process as 'densification by pounding•. The Hayward Baker Company has a 

registered trademark for the technique called 'dynamic deep compaction•. 

The term 'ground modification• is also a registered trademark of the Hayward 

Baker Company (1981). 

In strict accordance with generally accepted soil mechanics terminology, 

the densification of partially saturated deposits at consta~nt moisture content, 

whether they be granular or cohesive, is termed 'compaction•. Alternately, 

densification of saturated deposits with decreasing water content, whether 

they be cohesive or granular, is termed 'consolidation•. Hence, the term 

dynamic compaction is applicable to densification of deposits above the water 

table at constant water content, whereas dynamic consolidation is appl'icable 

to saturated deposits at decreasing water content. The term 'dynamic 

densification• is utilized throughout this report to denote either dynamic 

consolidation or dynamic compaction. 

Because the art of the in-situ dynamic densification process has kept 

ahead of the analytical process, numerous technical questions exist, such as 

the effective size of the pounder, the effective depth, material types, rate 

of porewater dissipation, percent of energy transfer from pounder into ground 

soil, and soil-pounder interaction during the densification process. The 

purpose of this report is an attempt to answer some of these questions 

including (1) the effect of the pounder size and weight, (2) effects on 

various soil types; including clay, sand and silt (flyash); and (3) the 

effect of the number of drops of the pounder. 

2 
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Figure 1 'Flying-Goose' Chinese Type Dynamic Densification 
Equipment Built in 1957 Used for Roadways and Air­
field Construction. 
(Courtesy of Szechwan Provincial Construction 
Research Institute). 
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2. SOIL-POUNDER INTERACTION 

When the pounder (weight) is applied to the soil mass (see Figs. 2 and 3), 

deformation may result from: 

(1) Immediate elastic and inelastic deformation of the soil structure. 

(2) Pore water drained from the soil mass. 

(3) Continuous time dependent or viscous flow under shear stress resulting 

in reorientation of the soil particles, and· 

(4) A combination of all the above which in most cases occurs simultaneously. 

However, it will depend upon soil properties, drainage conditions, stress 

history and environmental conditions. 

Currently, the deep dynamic densification process is used mainly for 

granular soil at great depths. However, its use has been ex~ended to the 

cohesive clays or silts. For practical applications the following parameters, 

which are directly related to the performance of the densification process, 

are important: 

Material Type: 

From the strength of material theory, the elastic properties of bodies 

are indicated by the coefficient of restitution, i.e., for the idealized elastic 

body this coefficient is 1 .0, and for the inelastic body it is zero. For the 

in-situ soil, the coefficient lies between these two extremes varying with 

soil type and moisture content. The coefficient of restitution of a silt and 

clay are different from that of a_ granular soil. 



Energy Losses: 

The energy used by the pounder to temporarily compress an elastic body 

is given by the area under the load-strain curve. For idealized bodies 

this curve is assumed to be a straight line. 

Effective Depth: 

The effective depth or depth of influence is defined as how deep the 

pounder (weight), dropped freely from a certain height, will affect the fill 

material below the ground surface. Menard and Braise (1975) proposed that 

the effective depth is equal to: 

(1) 

Later Leonards, Cutter and Holtz (1980) modified as: 

(2) 

where De = Effective depth 

W = Weight of pounder 

hx = Height of Free Drop 

The above Eqs (1) and (2) have been frequently used by practicing engineers 

for field control. The equations do not consider the type of fill materials, 

depth and size of the pounder. Therefore, some additional parameters are 

considered for evaluation of the effective depth through the laboratory 

investigation as described in the following sections. 

6 
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3. LABORATORY EXPERIMENTAL STUDY 

3 . 1 Materia 1 

Three distinct types of fill materials are used in this study: clay, 

sand and flyash (silt). 

~: Silty clay with liquid limit equal to 29 and plasticity index equal 

to 5 was chosen with samples passed through a No. 10 sieve and air dried. The 

unified classification of this soil is denoted as ML-CL. 

8 

Sand: Uniform clean fine sand is used. The gradation for the sand is 

about 50% passing the No. 40 sieve and less than 1.0% passing the No. 200 sieve. 

Flyash (silt): The flyash material was supplied by the Pennsylvania Power 

and Light Company of Martins Creek, Pennsylvania, with 58.7 percent of the 

. flyash passing the No. 200 sieve and the several larger bottom-ash pa~ticles 

removed. All materials are air dried fQr the test. The gradation of these 

three types of fill material is shown in Fig. 4. 

3.2 Test Equipment and Instrumentation 

A metal drum 45.7 em (18") in diameter and 57.6 em (24") in height is 

used for this test (see Fig. 5). The clay foundation (see Fig. 50) is about 

25 em (10 11
) thick compacted by using standard AASHTO c'ompaction on the silty 

clay obtained from the vicinity of Lehigh University. 

Pressure Cell: The standard pressure cell with strain gauge is used for 

measuring the ground response due to the pounder. The strain gauge measures 

the deflection of the cell which is recorded on the oscillograph (see Figs. 

5C and 6). The relationship between applied weight and oscillograph deflection 

was calibrated and found to be of a linear value of 0.1144 Newton (N) per 
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oscillograph division. The oscillograph reading as related to the strain 

gauge deflection is also calibrated as shown in Fig. 7. The procedure for 

calibrating the pressure cell is to apply various known weights statistically 

at point A in Fig. 6 and then correlating this weight with the oscillograph 

deflection. 

Drop Weight (Pounder): The weights used for this study were made from 

hard steel plate. The plate is thick enough to resist bending during the test. 

The weight of the pounder is denoted as wx and the diameter is denoted as d 

as shown in Fig. SA. Four diameters varying from 3.2 em to 10.0 em are used. 

The pounder area varies from 8.07 cm2 to 78.5 cm2. To control the drop of 

the pounder, an electromagnet system is used as shown in Fig. SA. 

3.3 Test Procedure 

Control of Drop Weight (Pounder): An electromagnetic system is connected 

with the pounder (see Fig. SA). To release the weight~ the switch to the 

electromagnet is turned off, at the same time the oscillograph is turned on 

to measure the ground response by measuring the force from the strain gauge 

on the pressure cell .. After the weight is dropped, the oscillograph is turned 

off and the pounder is carefully removed from the crater as shown in Fig. 58. 

This process is repeated six times as described in a later section of this 

report. After the sixth reading, the oscillograph deflections are measured 

from the strip charts (see Figs. 8 and 9). The value is measured as the 

distance from the pre-drop reading to the peak (maximum) deflection, then 

multiplying this value by the calibration factor and averaging the six results 

yields the average ground response in Newtons (N). 

12 
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Height of Drop, hx, and Overburden Depth, tx: The datum line shown in 

Fig. 58 is arbitrarily selected.· The vertical distance, t 2, from the datum 

to the strain gauge can be measured in two ways: 

(1) for small overburden (fill) depths, the mechanical pointer (see 

Fig. 10) on the mounted callipers is pushed through the fill until it reaches 

the strain gauge. At this point, the oscillograph reading will change and 

the vertical distance can be read from the callipers. 

(2) when the overburden (fill) depths become greater, a second method 

15 

must be used. Before adding the fill, the depth to the gauge from the datum 

and corresponding oscillograph reading are found by the first method. The 

gauge deflection caused by the addition of fill is measured on the oscillograph. 

The additional depth to the gauge is then read from the deflection calibration 

curve and added to the previously calcul.ated depth to find t 2. The distance, 

t1, from the datum to the soil surface directly above the gauge is measured 

using the mounted callipers. Subtracting t 1 from t 2 gives the depth of fill, 

tx. 

Crater Profile Measurements: A depression crater is caused by the 

densification process. It is varied by the pounder area, densification energy 

and material types. To examine the characteristics of the crater profile, 

the following measuring techniques are used. The overall picture of a crater 

profile after each weight is dropped is shown in Fig. 58. Typical profiles 

of clay, sand, and flyash are shown in Figs. 21 to 26 respect~vely. 

The profiles are measured for each drop with each pounder size and material 

type. Before the weight is dropped, the surface material is leveled. The 
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distance from the datum to the undisturbed surface is denoted as t 1 and is 

measured at 2 em intervals across the expected crater area. After each of 

23 

the six drops, the distance from the datum to the surface of the crater 

profile (t1 + o ) is measured. Also, the horizontal points at the crater's 

edge and the horizontal location and depth of the deepest point of the crater 

are recorded (see Fig. 27). Crater areas and volumes are computed and plotted 

versus pounder areas for all three fill materials as presented in Figs. 27 

and 29. 

Density of Fill: Before the fill is added, measurements are made from 

the datum to eight (8) random points on the clay foundation (Fig. 4D). Then 

the fill is added and several trials are run. The surface is leveled and 

measurements are made from the datum to the surface at the same eight.(8) 

points (see Fig. 11). Subtracting the values gives the fill depth. The 

average depth is calculated and with the diameter of the metal drum (45.7 em), 

the volume of fill can be computed. Dividing the mass of fill added by the 

volume of fill added yields the unit weight (density) of the fill material. 

4. SUMMARY OF TEST RESULTS AND DISCUSSION 

4.1 Thickness of Fill and Pounder Area 

Thickness of fill versus ground response with various pounder areas and 

constant densification energy are summarized for all three fill materials in 

Figs. 12 to 14. The thickness, tx, varies from 20 mm to 175 mm. Four pounder 

areas are used varying from 8.07 cm2 to 78.5 cm2. The ground response is the 

force acting on the pressure cell in Newtons (N). It is obvious that for a 
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thin layer deposit the ground response is higher, and this is true for all 

pounder sizes. 

In comparing the response of the three types of soils, the flyash clearly 

has a greater response at shallow depths. The shapes of the ground response 

curves show a similarity between the flyash and sand when compared with the 

response of the clay. Both the flyash and sand have high ground responses at 

shallow depths followed by a rapid reduction in the response with depth. The 

clay response, however, is less at shallow depths but reduces more gradually 

allowing for more response at greater depths. 

Figs. 15 to 17 are interpreted from Figs. 12 to 14 showing that for the 

thin deposit (say tx = 60 mm), the pounder size has significant effect on 

ground response. This is particularly true of flyash where for each overburden 

depth shown, the ground response increases rapidly at a critical pounder size. 

However, for the thicker layer (tx = 160 mm), the pounder size has little 

effect on the ground response. Also indicated in these figures, the larger 

the pounder area, the less effect on the ground response for all three fill 

materials, clay, sand and flyash. 

4.2 Ground Response and Densific~tion Energy: 

Ground response versus dynamic densification energy for clay, sand and 

flyash are presented in Figs. 18 to 20. The densification energy, E, is equal 

to the weight of pounder, wx, times the drop height, hx, expressed as: 

E = w h X X (3) 
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For variable densification energy, the height of the drop, hx, is adjusted 

by moving the cross-bar up or down on the steel frame to the desired height 

as the pounder is lined directly~bove the strain gauge of the pressure cell. 

Theoretically, the densification energy can be estimated from Eq. (3); 

however, densification behavior is also influenced by pounder size and shape, 

fill material types, lower layer ground foundation characteristics, degree of 

saturation, etc. As indicated in Figs. 18 to 20, the higher the densification 

energy, the greater the ground response for all pounder sizes and weights for 

all three fill materials. However, the ground response for smaller pounder 

areas (A = 8.07 cm2) is more sensitive to the densification energy than for 

larger pounder areas (A= 78.5 cm2). 

4~3 Crater Profiles 

A depression crater is caused by the densification process. The shape of 

the crater is influenced by pounder area, number of drops, fill material types, 

and densification energy. Figures 21 to 26 present the typical crater profiles 

for various fill materials with two pounder areas, A= 8.07 cm2 and A= 78.5 cm2. 

Number of drops, n, varied from 1 to 6 with drops 1, 2, 3 and 6 indicated iri 

the figures. These figures clearly show that for the clay the surface area 

is small, but the depth is greater. However, for the flyash the surface area 

is greater but the depth is less. For the larger pounder area (A= 78.5 cm2), 

the profiles show an entirely different shape when compared with the smaller 

pounder areas. For small pounder areas the crater can be approximated by an 

inverted cone while for large pou.nder areas the profile can be approximated by 

a trapezoid. Also, for the sand it is shown that heave occurs at the edge of 

the crater. No heave is recorded for both clay and flyash fills. 



Pounder Area 8.07 
2 em 

1st. drop, n 

Subsidence 2nd drop, 

~3rd drop, 

6th drop, 

n 2 

Figure 21 

n = 3 

n = 6 

Vertical & Horizontal Scale 

2 divisons = 1" = 2.54cm 

Effect of Pounder Area and Number of Dr~ps on the Shape 
of Crater Cross-section of Clay Fill. 

N 
\.0 



Figure 22 

Pounder Area=8.07 

2nd drop, n 

3rd drop, n 

6th drop, n = 

2 
ern 

drop, n 1 

Vertical & Horizonial 
Scale: 2 divisions 1" 

= 2.54crn 

Effect of Pounder Area and. Number of Drops on the Shape of 
Crater Ctoss-section of Sand Fill. 

w 
0 



FLY ASH 

Pounder Area = 8.07 

Vertical & Horizontal 

2 em 

Scale: 2 divisions = 1" =2.54cm 

1st drop, n 

2nd drop, n 2 

drop, n = 3· 

drop, n = 6 

. Figure 23 Effect of Pounder Area and Number of Drops on the Shape ~f . 
Crater Cross-section of Flyash Fill. 



. ' 

Pounder Area 

\ 
6th drop, n = 6 

78.5 2 em 

1st drop, n = 1 

drop, n = ·2 

drop, n = 3 

Vertical & Horizontal Scale: 2 divisions 1" = 2.54cm 

Figure 24 Effect of Pounder Area and Number of Drops on the Shape of Crater 
Cross-section of Clay. 

w 
N 



SAND 

Pounder Area 78.5 

3rd drop, n 

6th drop,·n = 6 

2 em 

3 
1st drop, n = 1 

2nd drop, n = 2 

Heave 

\ 

Vertical & Horizontal Scale: 2 divisions = 1" = 2.54cm 

Figure 25 Effect of Pounder Area and Number of Drops on the Shape of Crater 
Cross-section of Sand Fill. 



FLY ASH 

Pounder Area 78.5 2 
em 

1st drop, n 

6th drop, n 6 

1 

"" 
n 2 

drop, n = 3 

Vertical & Horizontal Scale: 2 divisions = 1" 2.54cm 

Figure 26 Effect of pounder Area and Number of Drops on the Shape of Crater 
Cross-section of Flyash Fill. 



35 

4.4 Crater Area and Volume 

Based on the data from Figs. 21 to 26 and the maximum depth of the crater, 

the surface areas of the crater and volumes of the crater versus pounder areas 

with constant densification energy for various fill materials are obtained 

as shown in Figs. 27 to 29. The crater volume is computed based on a 

conical shape as shown in Eq. (4): 

1 
nr2o v = (4) 

3 

where o, is the deepest crater depth and r, is the crater radius after 6 drops. 

For larger pounders sizes· the crater volume calculated by this equation is 

less than the actual value because the crater shape is no longer conical. 

It is indicated clearly that the flyash gives greater crater areas and 

volumes than sand and clay. For the smaller pounder area, the crater ·area is 

small, and the crater area increases as the pounder area increases. However, 

after the pounder area reaches a certain size (A= 34.0 cm2), the crater creates 

the side-slip phenomena after the pounder is removed. For the sand, the side­

slip phenomena has greater effect in comparison with flyash and clay. 

4.5 Number of Drops, n 

Further plotting of crater radius and deformation-height of drop ratios 

versus the number of drops, n, are presented in Figs. 30 and 31. Figure 31 

shows the crater depth-height of drop ratio increases as the number of drops, 

n, increases for all three fill materials. The ratio is much higher for 

flyash than it is for sand and clay. The rate of increase for the clay and 

flyash is greater than sand. The ratio of radius-height of drop versus number 



N 

e 

80 

60 

u 40 

20 

0 

0 

Figure 27 

-3 6 

20 40 60 80 

Pounder Area, 2 
em 

Crater Cross-section Area versus Pounder Area 



N 

320 
Crater surface area 7rr 2 (see Fig.27·) 

240 

s 
() 

160 
cu 
Q) 

l-1 
< 
l-1 
Q) 

+.1 
cu 
l-1 80 
u Clay 

OL--------J--------~--------~--------~ 
40 60 80 0 

Figure 28 

20 

Pounder Area, 2 em 

Crater Surface Area versus Pounder Area 

37 



("f) 

5 
(.) 

Cl) 

5 
::l 

....-l 
0 
:> 

l-1 
Cl) 

.w 
til 
l-1 
u 

320 

240 

160 

80 

0 
0 

Crater Volume (see Eq. 4) 

I 
Clay 

20 40 

2 
Pounder Area, em 

60 

Figure 29 Crater Volume versus Pounder Area 

38 

80 



,-... 
C"") 

I 
0 
....-l 
:< 

'-" 

0 
..-l 
~ 

ctl 
p:; 

:< 
..t: -,.... 

360 r = Crater Radius 

320 

280 

240 

200 

160 
0 

h = Height of Drop 
X 

1 2 3 

Number of Drops, n 

4 5 6 

Figure 30 Crater Radius-Height of Drop Ratio versus 
Number of Drops 

39 



,-... 
C') 

I 
0 
.--l 

:< 
'-"' 

0 
•r-l 
.w 
ctl 
~ 

:< 
...c -co 

110 

100 

F1yash 

""' 
90 

80 

0 

7-0 

0 

60 

50 

0 1 2. 3 4 5 6 

Number of Drops, n 

Figure 31 ·Crater Depth-Height of Drop Ratio versus 
Number of Drops 

40 



of drops is presented in Fig. 30. The ratio is higher for flyash and sand 

than it is for clay. It is indicated that the increase in the ratio for both 

flyash and clay with the number of drops is greater than sand because of 

side-slip phenomena as previously discussed. In both Figs. 30 and 31 the rate 

of increase of the ratio decreases with the number of drops. Also, in 

comparing Figs. 30 and 31 a similarity can be found in the shape of the curves 

for flyash and clay. In both Figures the slope of the flyash ratio is 

approximately constant up to about 4 drops when it decreases. The slope of 

the clay ratio shows the opposite behavior decreasing for small number of 

drops to an approximately constant value. 

The deformation-height of drop ratio versus number of drops, n, indicates 

that the flyash is more greatly affected by the number of drops than sand and 

clay. The d/0 ratio is kept constant at 0.110 for Figs. 30 and 31, where 

d =diameter of pounder and 0 is the diameter of the metal drum (see Fig. 5). 

Various d/0 conditions have been tested; however, d/D = 0.110 yields the 

maximum r/hx and o/hx ratios. 

5. SUMMARY AND CONCLUSIONS 

l. In all cases, for a thin layer deposit the ground response is higher. For 

the smaller pounder area, the effects on ground response with depth are 

greater in comparison with larger pounder areas. The pounder size has 

significant effect on ground response. However, for the thicker layer, 

the pounder size has little effect. 

2. The higher the densification energy, the greater the ground response for 

all pounder sizes. However, for smaller pounder areas the ground response 
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is more sensitive to densification energy than larger pounder areas. 

3. For the smaller pounder area, the crater area is small and the crater area 

increases as the pounder area increases. However, when the pounder area 

reaches a certain size, the crater creates the side-slip phenomena after 

the pounder is removed. 

4. For the sand, the side-slip phenomena has greater effect in comparison with 

clay and flyash. In all cases, the crater area or volume of the flyash 

is greater than the sand and clay deposits. 

5. For the sand, it is shown that heave occurs at the edge of the crater. No 

heave is recorded for both clay and flyash fills. 

6. In all cases, increasing the number of drops increases the deformation-

height of drop ratio. Clay, sand and flyash yield the same trends; however, 

for flyash the effects are more pronounced than for the clay and sand deposits. 

7. In all cases, increasing the number of drops increases the radius of crater­

height of drop ratio. However, the rate of increase for the flyash is 

more significant than the clay and sand deposits. A qualitative summary 

of Figs. 27 to 31 is presented in Table 1. 

8. A further analysis will be presented in a separate report. 
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