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Abstract The purpose of this paper is to report on the field

tests for the formation of a single DR (dynamic replace-

ment) column and its influence on the surrounding weak

soil deposit. The influence of the column formation has

been assessed with piezocone and dilatometer measure-

ments, as well as by changes in the strength and defor-

mation parameters obtained from the field tests. These

measurements were carried out during and after the column

formation and at varying distances from the column. The

tests carried out have shown that soil close to the column

became weaker during the column formation. As a result

the soil stiffness and strength were found to increase over

time. The weaker the soil was in natural state, the more

significant the strengthening effect became. That indicates

that changes occurring around a DR column are complex.

The measurements suggest that the changes in soil struc-

ture have a tendency to be dependent on the distance from

the column, elapsed time and the type and the initial con-

dition of the soil.

Keywords Dynamic replacement � Field tests � Soil

strengthening � Parameter changes � Adjacent soil

1 Introduction

In the dynamic replacement method, stiff granular columns

are rammed into natural soil to improve its strength and

stiffness characteristics (Fig. 1). Previous studies on DR

method have been based on the results from different types

of field tests (Table 1). They were sometimes additionally

accompanied by laboratory tests [1, 2]. All tests focused on

the influence of a group of columns on the adjacent soil.

The procedures were performed before and after soil

strengthening. In few cases they were performed during

column formation [3, 4].

The findings show that the stiffness and strength of the

column is greater than in the surrounding soil. The values

of the cone resistance qc from CPTs which penetrated

columns have been about 20–30 times [3], 13–30 times [5],

12–57 times [4] and up to 150 times [6] higher than those

measured in the natural weak soil. Similarly, pressuremeter

tests have recorded maximum pressure increasing approx-

imately 10–13 times [7] and 12 times [6]. Blow counts

recorded by dynamic probing are found to typically

increase by at least 3 times [8].

The strengthening effect of the soil adjacent to the

formed columns is subtle. It appears to be dependent upon

the type of soil and the time period between the column

formation and testing. The improvement effect occurred in

soils which were compacted during column formation, i.e.,

in the peat deposits and was found both under the columns

and around them. Lo et al. [6] indicated that the cone

resistance in the CPT increased 7 times, the maximum

pressure in the pressuremeter test (PMT)—3 times.

Gunaratne et al. [4] and Stinnette et al. [9] obtained similar

results.

Cohesive soils have experienced various trends of

changes during and after column formation. Certain studies
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detected a decrease in soil strength and deformation

parameters [5], although there is no change observed both

under [10] and with adjacent columns [8]. In contrast, some

authors observed soil strengthening. Hamidi et al. [7]

recorded an increase in limit pressure (by about 100%) and

an increase in Menard modulus (over 350%). Both

increases were recorded inside a DR column, while only

small changes were noticed between blows. Dumas et al.

[10] observed that (PMT), standard penetration test (SPT)

and deep cone penetration test (DCPT) parameters mea-

sured after strengthening were 1.4–2.0 higher than initial.

Han [1] has presented an increase of qc and number of

blows (from SPT) which vary from 1.5 to 4 times.

The available research has not considered the influence

of a single DR column on the surrounding soil. This paper

seeks to address this aspect of column behavior. It also

gives some insights on time and distance influences. The

process of DR column formation is complicated and

affected by many factors. Therefore, to measure and ana-

lyze some of those first, a single DR column formation was

chosen to be the topic of the research. Further research is

planned to analyze a group of column (which will allow to

consider other factors).

Currently researchers aim for numerical modeling of DR

column formation; examples of such attempts are described

in [11–13]. However, to calibrate numerical models we

first need to perform wide range of well documented in situ

tests. Such tests are the focus of the article. Many studies

are performed at different sites, but as they mainly are

based on a few in situ results [14], they do not form good

enough basis for numerical modeling.

2 Test Field and Research Program

CPTU, DMT and boreholes were carried out to determine

soil characteristics on the test field. The soil profile con-

sisted of four layers [15]. The first layer (layer I) up to 1.5

m below ground level (b.g.l.) comprised silty sands and

sandy silts. The second layer (layer II) between 1.5 and 2.5

m b.g.l. is silt (10% sand, 84% silt, 6% clay). The third

layer (layer III), up to 4.8 m b.g.l. was built of silt/silty

sand (20% sand, 74% silt, 6% clay). The fourth layer (layer

IV) consisted of fine and medium sand (Figs. 2, 3). The

water table was found during drilling at a depth of 4.8–5.3

m b.g.l. and rose to 3 m b.g.l.

The DR column was formed using a free dropped, 10 t

barrel-like pounder from the height of 15 m. The pounder

diameter was 1.0 m in the middle section, whereas at the

bottom and the top it was 0.8 m. The mixture of fine gravel

with coarse sand and rubble (0–200 mm fraction in 1:1

proportion) was used as backfill material. The uniformity

Fig. 1 Process of dynamic

replacement pillar formation

Table 1 Previous studies summary

Authors Bates and

Merifield

[3]

Gunaratne

et al. [4]

Stinnette

et al. [9]

Han

[1]

Lo

et al.

[6]

Yee and

Chua [5]

Dumas

et al.

[10]

Godlewski

and Saloni

[8]

Hamidi

et al. [7]

Kwiecień and

Sękowski [2]

Test type CPT, DMT CPT,

DMT

CPT,

DMT

CPT,

DPL

CPT,

PMT

CPT DPL,

DMT

PMT

DPL SPT,

PMT

SVT

Days after

columns

formation

– 0 0 28 38, 40 – – 3, 21 – 14
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coefficient of the material was greater than 25 and the

coefficient of gradation was less than 1. Approximately

18 m3 of the mentioned material was used to form the

column.

The column was formed by dropping the rammer onto

the soil 36 times from different heights (2–15 m). The

column formation was divided into three stages

(10 ? 15 ? 11 drops).

During the test, ground heave was measured in points

located 2, 3, 4 and 6 m from the column axis. The total

volume of heave was roughly 7.5 m3. The maximal uplift

was noted 2 m from the column (0.15–0.32 m). At the

point located 6 m from the column axis, the uplift was

between 0 and 0.03 m.

CPTU and DMT tests were carried out at various time

intervals and at different distances from the column and

depth. The first series of measurements was carried out

before the stone column formation and consisted of four

CPTU tests conducted at 2, 3, 4 and 6 m from the column

axis and of three DMT tests performed at 2, 3 and 6 m

from the column axis. A further series of tests were con-

ducted at points located on the circumference of a circle

passing through the points from the initial tests. This was

designed to ensure that future testing would not be unduly

affected by the previous tests. The field tests were con-

ducted after 1/3, 2/3 and a completion of the column to the

full depth. Tests were performed 1, 8 and 30 days after

construction.

Fig. 2 Results of visual inspection and CPTU tests (qc) before (continuous lines) and 30 days after columns formation (dashed lines)

Fig. 3 Results of visual inspection and DMT tests (P0 continuous lines, P1 dashed lines) before (black) and 30 days after columns formation

(grey)

Int J Civ Eng (2018) 16:1515–1522 1517

123



The 3.8 m long column was constructed. The head of

the column was 1.9–2.0 m in diameter and the maximum

diameter of 2.8 m was recorded at a depth of 1.9 m

(Figs. 2, 3).

CPTU and DMT were performed using a static probe

Hyson 200 kN produced by Dutch company A.P. van den

Berg Machinefabriek. The piezocones had base surface

area equal to 10 cm2, friction sleeve surface equal to

150 cm2, apex angle 60� and a filter installed directly

behind the cone tip (u2). The soundings were made with a

constant penetration velocity of 20 mm/s [15].

The following parameters were recorded continuously

during the tests: cone resistance (qc), sleeve friction (fs),

and excess pore water pressure (u2). They were standard-

ized and normalized [16–18] to the following values: cor-

rected cone resistance qt, friction ratio Rf, excess pore

water pressure parameter Bq and normalized effective cone

resistance Qt The soil type was determined in two stages.

During the first stage, Harder-von Bloh procedure [19] was

applied to divide soil into layers and localize them using

the classification system proposed by the Department of

Geotechnics at Poznan University of Life Sciences [20].

The second stage consisted in grouping the soil types by

applying Hegazi–Mayne procedure [21]. In the second

phase, the division was based on Hegazi–Mayne procedure

[21] and the soil type was determined using Robertson’s

diagram [22]. This second phase was applied to confirm the

soil type indicated in the first stage. Deformation parame-

ters, i.e., effective friction angle (/0), effective cohesion

intercept (c0) were determined on the basis of Senneset and

Janbu’s procedure [23] whereas undrained shear strength—

on the basis of Lunne et al. [16]. The latter, as well as

Mayne [24, 25] served also to indicate deformation

parameters, i.e., constrained modulus.

Dilatometric tests were performed with a flat plate

dilatometer. Pressure values were recorded at 0.2 m inter-

vals at increasing depth [15]. Based on these readings, the

following parameters were indicated: non-dimensional

mechanical properties (ID), non-dimensional lateral stress

indices (KD) and dilatometric moduli (ED). With these

parameters it was possible to estimate the soil type and its

mechanical parameters (/0, M), applying the procedures

prepared by Marchetti [26].

3 Results

The outcome of the tests could not be analyzed in the first

superficial layer (layer I) due to the detrimental effect of

heavy machinery and weather conditions. Layer IV con-

sisted of sands where the compaction mechanism caused by

the use of high energy impact was already recognized (e.g.,

[27]). Detailed parameters of layers II and III which have

been subjected to extensive analysis are shown in Table 2.

Table 2 Mechanical soil parameters obtained from CPTU, DMT tests (before and after strengthening)

Distance from column (m): 2 3 4 6

Time since column construction (days): 0 1 8 30 0 1 8 30 0 1 8 30 0 1 8 30

CPTU layer II

/
0

(�) 20 20 20 27 21 25 26 25 25 26 26 26 24 24 26 27

c0 (kPa) 4 5 7 7 6 6 10 12 6 5 7 8 5 5 5 5

Su (kPa) 200 225 210 200 80 210 205 153 162 170 190 178 137 120 170 203

M (MPa) 20 22 21 20 10 16 19 18 16 18 18 18 15 15 15 16

CPTU layer III

/
0

(�) 28 28 29 29 29 29 29 29 28 27 26 27 28 29 27 29

c0 (kPa) 8 8 7 8 8 7 8 7 8 7 7 8 5 5 7 5

Su (kPa) 215 232 237 232 258 200 220 208 223 195 185 192 132 158 175 175

M (MPa) 20 20 21 20 21 18 19 18 20 18 18 18 15 18 16 18

DMT layer II

/
0

(�) x x x x 32 35 35 35 – – – – 32 x x x

M (MPa) x x x x 5 5 5 6 – – – – 4 4 4 5

DMT layer III

/
0

(�) 33 34 34 34 33 34 34 35 – – – – 33 45 34 35

M (MPa) 20 29 28 30 20 30 30 30 – – – – 20 30 30 30

x parameters not possible to define with used procedure
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During the column formation a significant (up to 50%)

decrease of cone resistance qc was noted in the closest

vicinity of the column (i.e., up to 3 m from the column

axis) in both layers (Fig. 4). The values of the cone resis-

tance increased with time and exceeded the initial values in

the weaker layer II by approximately 70–100% and by 30%

in layer III (except 2 m from the column). Further from the

column (at 4 m), the changes were only local, and 6 m

from the center were not visible (Fig. 5).

After the column formation the highest qc increases

were measured in layer II in the distance of 4 m from the

center (approximately 60%).

Soil friction angle and cohesion in the layer II at a

distance of 2 and 3 m from the column increased after the

column completion by 35 and 100%, respectively. At all

the points in layer III parameters /0 and c0 dropped by

10–50% during tamping and then increased after the col-

umn formation finally reached values that are similar to the

initial values.

Similar changes were observed in the soil undrained

shear strength (Su). An increase of 90 and 48% was noted

in the layer II, 3 and 6 m away from the column axis,

respectively. Undrained shear strength in the layer III

decreased in points located 3 and 4 m away from the

column axis (by maximum 20%) and increased in other

points (by maximum 33%).

The constrained modulus in the layer II, 3 m from the

column axis, increased by 90% whereas it did not change

in other points. The value of the constrained modulus

dropped in the layer III (10–15%) during the column for-

mation process. After the construction, the increase was

observed only in points located 6 m away from the column

axis.

Pressure P0 in layers II and III was increasing (up to

40%) already during the column formation (2, 3 m from

the column) or after the formation process had been com-

pleted (6 m from the column)—Fig. 6. The maximum P0

values were recorded in the layer II 1 day after construction

(the values were up to 150% higher than the initial in the

distance 6 m from the column center). The values gradu-

ally decreased over time reaching the initial values (layer

II, 6 m from the column center) or exceeding these

(30–120%) 30-day post-construction.

Pressure P1 measured at 2 and 3 m from the column

decreased during column formation in both layer II and III.

The pressures subsequently increased during the last stage

of the column formation or 1 day later (Fig. 7). This effect

was more pronounced in layer II (up to 300%), while in

Fig. 4 Results of CPTU tests (qc) in different time intervals 2 and 3 m from the column center
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layer III the increase reached 30–50% (2, 3 m) and 100%

(6 m) of the initial values.

Based on DMT testing an increase in the friction angle

(up to 10%) and the constrained modulus (up to 50%) was

previously noted during the column formation (2 m from

the column axis) or 1 day after construction (3, 6 m). Those

values did not change afterwards.

Fig. 5 Results of CPTU tests (qc) in different time intervals 4 and 6 m from the column center

Fig. 6 Results of DMT tests (P0 pressure) in different time intervals and distances from the column center
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Figures 2, 3, 4, 5 and 6 are presented for the purpose of

individual analysis for the reader. Figure 2 shows qc val-

ues, whereas Fig. 3 shows P0 and P1 readings before the

column formation and 30 days later. These figures show

what changes in the parameters are permanent. Addition-

ally the parameter changes in different time intervals can

be analyzed basing on Figs. 4 and 5 (for qc), Fig. 6 (for P0)

and Fig. 7 (for P1).

4 Discussion

The completed DMT and CPTU tests indicated that the

surrounding soil softens during the dynamic replacement

process. The range of the impacted zone may vary. The zone

radius can be estimated as up to 2.5 times the diameter of the

top of the column. The extent of the softening effect depends

on soil condition. For cohesive soils, characterized by higher

stiffness (layer III), the softening is considerably greater

than for weaker soils (layer II). These findings are similar to

those of Yee and Chua [5]. However, these authors have not

determined the radius of the impacted zone.

The dynamic replacement construction is successful in

improving the surrounding soil. Soil parameters after

strengthening varies over time and are dependent on the

initial soil condition as well as on the distance from the

column. In this paper the authors examined cohesive silty

soils, in which the increase of parameters were measured

for 30 days. After that period, the values of mechanical

parameters of layer II were higher (even by 100%) than

before the ground improvement. However, soils in the

layer III returned to the initial state.

The extent of strengthening zone was similar to the

softening zone. Generally, the changes measured in qc and

in /0, c0, Su, M were similar to those described by Dumas

et al. [10] and addresses in this paper. The dilatometer

results are similar to those presented by Dumas et al. [10]

and Bates and Merifield [3]. However, the cited authors did

not examine the course of changes of the mentioned

parameters within time, after the construction of the ground

improvement. The parameters changes after 30-day post-

construction can be explained by consolidation process

implicated by high energy impacts. During the pounder

drops in close vicinity of the column, soil is subjected to

large deformations. That can lead to internal cracking in

some regions. These regions can be identified with privi-

lege filtrating paths which shorten the consolidation time.

5 Conclusion

This paper presents a summary of the results of unique (due

to its wide character) field tests on DR column and sur-

rounding soil. It has been shown that changes occurring in

the soil surrounding a DR column are complex. They

depend on the distance from the column, elapsed time, the

type and the initial condition of the soil. During the

strengthening process, the soil softens in close vicinity of

the column, but then soil parameters increases over time.

On the basis of the test results, it is possible to conclude

that the less stiff the natural in situ soil is, the more sig-

nificant the improvement becomes. The soil softening is

less evident at greater distances from the column; however,

the properties of surrounding soil are still improved with

Fig. 7 Results of DMT tests (P1 pressure) in different time intervals and distances from the column center
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time. These conclusions are true for the particular tech-

nique of DR column formation that is presented in this

paper and the particular soil conditions investigated

(*15% sand, *79% silt, *6% clay).

Consideration of the pre-strengthening soil parameters

in the design could underestimate soil-column interaction.

This may happen even when in the design sophisticated

constitutive model of soil was used [28]. The present

increases in soil mechanical parameters have been identi-

fied for the ground surrounding a single DR column only

and would be expected to be subjected to further increase if

more columns were constructed. Nonetheless, if the

acceptance tests are carried out too early then it might be a

case that DR has not met its design criterion.
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