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Compaction of soils with explosions 
Compactage des sols par l’explosif

N.Tâmaskovics -  Freiberg University of Mining and Technology
H.KIapperich — Freiberg University of Mining and Technology

ABSTRACT: Effects of density change due to the explosive loading of nearly saturated granular soils are well known from field ex
perience and explosive compaction has efficiently been practised for a long time as economic deep ground improvement technique. In 
the following, the results of theoretical and experimental studies o f the explosive loading of soils are presented. From the combined 
interpretation of soil dynamics and geodetic measurements, the main physical and technical characteristics of the explosive loading of 
nearly water saturated soils are derived and important consequences for the efficiency and the practical application of the explosive 
ground improvement technique are pointed out.

RÉSUMÉ: Les effets de changement de densité causés par le chargement explosif de sols granulaires presque saturés sont connus des 
expériences de terrain, et le compactage par l'explosif a été pendant longtemps utilisé comme procédé économique d'amélioration de 
la qualité du sous-sol. Dans cet article, les résultats des études théoriques et expérimentales de chargement explosif de sols sont pré
sentés. L'interprétation combinée des mesures géodésiques et de la dynamique du sol a permis la détermination des principales carac
téristiques physiques et techniques de chargement explosif des sols granulaires presque saturés, et de mettre en évidence les importan
tes conséquences découlant de l'efficience et de l'application pratique de compactage de sols par l'explosif comme procédé 
d'amélioration de la Qualité du sous-sol.

1 INTRODUCTION

It is well known both from practical experience and experimental 
evidence that granular soils can exhibit extremely low densities, 
resulting in a decrease of stiffness and shear strength. Besides 
low stiffness and shear strength, an additional serious slope sta
bility problem can emerge in saturated regions o f liquefaction 
susceptible soils. Due to contractile shear loading response, sig
nificant excess pore-water pressures are developed, leading to 
the decrease of effective stresses and partial or full loss o f shear 
strength, that can induce a slope failure and involve large soil 
masses.

The problems related to low stiffness and shear strength of 
granular soils at low density and the danger of liquefaction fail
ures can be effectively resolved by compaction of the soil skele
ton. Especially, when the unfavourable subsoil regions extend 
over large areas and depths, the important question for economi
cally and technically efficient ground improvement techniques 
emerge. Explosive compaction of soils can offer a productive 
way of ground improvement in the water-saturated regions o f the 
subsoil, if the desired resulting density does not significantly 
exceed the intermediate density range.

2 GROUND IMPROVEMENT WITH EXPLOSIONS

Practical experience proves the efficiency of deep underground 
explosions for ground improvement. The method is capable of 
introducing a significant compaction in nearly or fully water- 
saturated granular or slightly cohesive soils. The technology of 
the explosive soil compaction is simple. Single or multiple ex
plosive charges are placed in boreholes that are driven on the 
remediation site up to the required maximal depth of treatment. 
The soil compaction occurs quickly after the explosive charges 
are ignited. In order to increase the compaction effect, the explo
sive charges can be initiated group-wise, following a given time 
and spatial sequence. With this, additional wave interference can 
be advantageously used to increase the efficiency of compaction 
effects.

Practically, the technical depth limit o f the explosive soil 
treatment is identical to the depth limit of the method for drilling 
that is used to create the required boreholes. At high depths, 
beyond the technical limits o f alternative ground improvement 
techniques, such as deep vibration or heavy tamping, explosions 
remain the unique technical solution for efficient subsoil reme
diation. However, specific improvement costs mainly influenced 
by the drilling costs will significantly rise with increasing depth 
of treatment.

Numerous successful practical cases of the application of 
ground improvement with explosive soil loading are known, 
where subsoil zones in a depth of h=(10...20) [m] and in extreme 
cases up to h=70 [m] have been compacted with a specific ex
plosive consumption of meiSp=(10...35) [g/cm3]. The typical 
borehole distance was selected with Ar=(5...10) [m], correspond
ing to the approximate horizontal extension of the compacted 
soil zone that was reported to be strongly influenced by the size 
of the explosive charge, the initial degree of water-saturation and 
the initial density o f the soil skeleton.

With a single explosion at a site, an average increase in the 
relative density of AID=0.15 [1] can be reached in the treated soil 
region. In order to induce a higher density change, the applica
tion of multiple explosion series can be used. However, more 
than three explosion series on a site seems not to be reasonable 
and can lead to an undesired density decrease provoking dila- 
tancy effects in the soil skeleton. The compaction effect of ex
plosions has been observed to be selective, introducing a 
stronger density change in regions with lower initial density and 
leading to a density field with more homogeneous spatial distri
bution than in the initial state. The maximal density reachable 
with explosions appears not to exceed ID=(0.6...0.75) [1], In 
order to reach higher densities, explosions are not the appropri
ate ground improvement technique.

The explosive ground improvement method is bound to a 
high degree of water-saturation. At partial saturation, active 
capillary forces hinder the essentia] compaction mechanisms that 
can develop in the explosively loaded granular soils at nearly full 
water-saturation. For ground treatment in layers above and be
low the water-table level, usually the combination of explosive
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treatment and alternative methods of ground improvement has to 
be utilized. The increase of the degree o f water-saturation with 
artificial watering measures in the treated subsoil layer can also 
be chosen as a more costly option of solution.

Especially in urbanized areas, the application of the explosive 
ground improvement technique can be seriously restricted due to 
the inevitable dynamic excitation in the surrounding environ
ment of the treated ground site. The reduction of the dynamic 
excitation intensity with the use of smaller explosive charges and 
the distribution of the explosive mass in a higher number of 
boreholes leads to increasing specific treatment costs.

3 THEORETICAL ANALYSIS

As computational methods allowing for the calculation of ex
pected compaction effects in practical cases of the application of 
ground improvement with explosions do not exist, the prepara
tion of ground improvement measures has often been carried out 
empirically, based on the results o f field tests documenting the 
initial and consecutive state in the subsoil before and after the 
explosive soil loading, respectively. Although existing theoreti
cal models o f explosive soil loading do not lead to results about 
the emerging spatial density distribution after the explosive im
pact, they can significantly support the preparation of practical 
explosive ground improvement projects with the identification of 
the influence of soil physical and soil mechanical parameters at 
the improvement site and of explosive specific parameters on the 
effectiveness of energy transfer from the explosive source into 
the soil.

Based on a closed form analytic theoretical model proposed 
by Wlodarczyk (1987), a practically useful theory has been de
veloped by Tamaskovics & Forster (1999), which allows for the 
calculation of the mechanical properties in a quasi one- 
dimensional, radially symmetric strong shock wave-field induced 
by a single source of explosion with planar, cylindrical or 
spherical symmetry initiated in full-space o f nearly saturated 
soil. In the model, shock wave propagation is described in full 
space filled with a ternary mixture of a porous granular solid 
skeleton, containing a fluid and a gas phase in its pore space 
simultaneously. The individual phases of the soil are assumed to 
move with an identical (frozen) mixture velocity. Thus, no sepa
ration of phases is taken into account. On the microscopic scale, 
the solid and fluid phases are considered as incompressible, the 
gas phase as compressible. The granular skeleton is regarded to 
be compressible until full fluid saturation is reached. Special 
advantage of the theory is, that the input parameters required are 
restricted to quantities describing the explosive characteristics 
and the initial soil state. Including geometrical damping only, the 
calculation results yield an upper-bound solution for real shock 
wave propagation cases, where material damping prevails. Based 
on the theoretical results, the spatial soil zone influenced by the 
explosion can be determined approximately.

The analytical problem of shock wave propagation under the 
introduced simplifying assumptions leads to the ordinary differ
ential equation

r0*+F * ( r*p,v)  t f  = tf(r„*,p;,Ke,p,v) (l)

that describes the dependence of the dimensionless spatial 
coordinate o f the cavity wall o f gaseous explosion products 
r0*(t*) on the dimensionless time t*. The dot placed over sym
bols denotes time derivative. The dimensionless influence func
tions F* and Q* in equation (1) take different forms for planar, 
cylindrical and spherical symmetry o f the explosive charge and 
depend besides of the dimensionless spatial coordinate of the 
explosive cavity wall r0*, on the initial volume fraction of the 
gas phase in the soil P, on the isentropic exponent of the gaseous 
explosive products k ',  the dimensionless initial pressure in the 
soil po* and on the symmetry factor v, respectively.
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Figure 1: Relative total particle pressure induced by a single spherical 
explosive source

In an example calculation, the shock wave-field in the neigh
bourhood of a spherical Pentryt explosive charge with an initial 
detonation pressure of poc= 16,750 [MPa] has been modelled. 
The initial total pressure in the soil was varied with 
p0=( 100... 1000) [kPa] at an assumed gas volume fraction of 
(3=0.01 [1], The initial pressure of the explosion p0e, the initial 
radius of the explosive charge R0 and the initial density of the 
soil under explosive loading p0 have been selected as dimen
sional basis for the conversion of physical quantities into their 
dimensionless counterparts.

In Figure 1, the dimensionless relative total particle pressure 
field pr*(R*,t*) is plotted in function of the dimensionless mate
rial coordinate R* and dimensionless time t*. The relative total 
particle pressure pr* is defined by the quotient of the total parti
cle pressure induced by the explosion and the total particle pres
sure in initial state o f the soil and shows, that a significant pres
sure increase occurs in a spatial zone laying in the range R*<50 
of the dimensionless material coordinate Ro under the assumed 
conditions, representing a distance less than approximately 50 
times the initial radius o f the explosive charge. This value corre
sponds to practical observations on the impact zone of single 
explosive charges in field. The reliable calculation of resulting 
compaction effects to be expected in the granular skeleton due to 
explosive loading still presents an unresolved scientific problem.

4 EXPERIMENTAL INVESTIGATIONS

Although the efficiency of explosive ground improvement has 
been observed in numerous practical applications, the true 
mechanisms behind the explosive soil loading and introduced 
compaction effects have not been known for long time. In con
trary to first hypotheses about the compaction mechanism, the 
density change does not occur due to the intense volumetric 
compression of soil phases under the extreme high pressure in 
the near neighbourhood of the explosive, as it can be seen in 
Figure 1. Instead, the coupled mechanical behaviour between the 
granular soil skeleton and the fluid and gaseous pore contents 
plays the essential role in the compaction process.

The mechanical processes during explosive soil loading have 
been observed in a laboratory study on a large-scale model 
experiment based on similarity theory. The large geometrical 
scale applied to the model tests made them comparable to small 
field tests.

In Figure 2, the schematic overview of the experimental de
vice can be seen that consists of an outer concrete and an inner 
wooden basin. The wooden basin is covered with geotextile on 
its inner surface, that retains the model material inside. A free 
water-table can be simulated in the device at a desired height by 
filling the outer concrete basin with water.
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O verview  o f  the m odel experim ent layout Compaction of Soils with Explosions 
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Figure 2: Overview of the model experiment layout

The model experiments carried out consisted of the installa

tion and saturation of the model material, observation of the 

initial state with zero measurements, initiation of the explosive 

charge, measurement o f physical processes during explosive 

loading and execution o f control measurements on the com

pacted material. The experiment was finished with dewatering 

and removal o f the model material from the experimental device.

Explosion induced particle velocities and pore pressures have 

been registrated with real-time measurement systems. The parti
cle velocity and pore pressure sensors have been placed directly 
into the model material. Additionally, time dependent settle
ments on the model surface were measured with a stereogram- 
metric monitoring system. Both fluid saturation and density were 
observed with radiometric measurements. Additionally, the de
termination of compaction effects was carried out on undisturbed 
samples taken from the model material before and after the ex
plosion impact.

A fine quartz sand with a narrow grain-size distribution and a 
mean grain size o f dm=0.25 [mm] was used as model material in 
the experiments. The void ratio of dry model material has been 
measured at loosest and densest state in laboratory with 
emax=0.873 [1] and emin=0.560 [1], respectively. In the model 
material, an average initial dry density of pd0=1.3675 [g/cm3] 
was reached during installation by dumping and slight pre
compaction with vibration. The obtained initial density corre
sponds to an average relative density of IDO=-0.21 [1], where the 
negative sign indicates, that dumped wet granulates can reach a 
lower initial density than the density corresponding to the loos
est grain packing state determined in laboratory on dry material.

The simulation of the water table level in a depth of hn=30 
[cm] below the model surface has been reached by filling the 
outer concrete basin with water to the desired height. In the satu
rated model material an average initial water-saturation ratio of 
Sr=93 [%] has been determined.

In the model tests, the mechanical effects in the neighbour
hood of a single explosive source have been observed in hc=90 
[cm] depth below the model surface. The explosive charge has 
been selected with nv=5 [g] mass of the Pentryt based plastic 
explosive SEMTEX-1A. The characteristics of the explosive 
material Pentryt guarantees a detonation in spite o f the applied 
small explosive charge mass.

4.1 Dynamics of explosive soil loading

The typical results of soil dynamics measurements at a horizon
tal distance of d ^ ^ S O  [cm] from the single explosive source 
can be seen in Figure 3. In the logarithmic time scale, a transient 
excitation and a quasi static relaxation phase appear clearly. The 
transient loading of the soil occurred within a time of 
t=(200...300) [msec] and lead to the development of significant 
residual pore pressures. In the transient loading phase, the ra

dially and vertically polarized components of the particle veloci
ties show the highest amplitude. The development of pore pres
sures is strongly coupled to the particle movement in the granu
lar skeleton.

The soil dynamic measurement results show, that the gaseous 
detonation products o f the explosive charge exhibit a pulsating 
extension and contraction behaviour. The individual pulsations 
lead to the build-up of residual excess pore pressures and pro
voke the decrease of effective stresses. The final level o f residual 
pore pressures in the experiment reached a value that reduced 
the effective stresses to zero and lead to full loss o f shear 
strength in the granular skeleton of the model material. The soil 
was converted into a suspension of granulate and fluid. During 
the subsequent relaxation phase that extended up to t=60 [sec] 
after the explosion, the accumulated residual pore pressures were 
fully dissipated. In the development o f the excess pore pressures 
over time in Figure 3 can be observed, that the pore pressure did 
not change significantly during the time period of t=10 [sec] 
after the explosion.

The comparison of dissipation rates o f the excess pore pres
sure at different spatial positions in the model showed, that the 
water movement during consolidation drainage occurred mainly 
in the direction of the model base. After the full dissipation of 
excess pore pressures has completed, no late pore pressure gen
eration processes have been observed in the model experiment as 
known from field tests on explosive ground improvement.

4.2 Settlements of the ground surface and compaction

In Figure 4, the time dependent settlements o f the model surface 
can be seen along a profile laid across the model over the instal
lation point o f the explosive charge. The lines with different type 
correspond to measurement times, when a significant settlement 
rate could be measured. The hollow and full circles represent 
measurements o f settlements on the surface during saturation 
(NS) and dewatering (NE) of the model material, respectively. It 
results, that the extreme low initial density leads to volumetric 
deformations during saturation. During dewatering of the model 
material a vanishing magnitude of settlements occurred.

The results of the settlement measurements show, that a pre
dominant part o f the final settlements occurred during a time 
period o f t= ( l... 10) [sec] after the explosion. Compared with the 
results of the excess pore pressure measurements in Figure 3, the 
induced residual pore pressures have not changed significantly 
during this time period. In the course of the subsequent dissipa
tion of excess pore pressures, a smaller part of final settlements 
was generated. During this time, the excess pore pressures 
dropped to zero.

Due to the explosion in the model experiment, an increase of 
the relative density AID=0.097 [1] and of the water-saturation 
ASr=0.71 [%] have been observed in average.

Measurement time [sec]

Figure 3: Particle velocity and dynamic pore pressure
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Model experiment - Vertical displacements on surface [cm]

E
o

c
o
E
a>
o
«
o.
<n
x>
to
o
tr
a>
>

Radial coordinate [cm]
Figure 4: Vertical displacements on the surface

The coupled analysis o f the observations made on the behav

iour o f the excess pore pressures, the settlements and the settle

ment rates on the model surface leads to the conclusion, that the 

compaction effects induced by an explosion do not occur during 

but very quickly after the transient dynamic excitation of the soil 

skeleton and build-up of excess pore pressures. A significant 
part o f the density increase is not connected to the dissipation of 
excess pore pressures and the consolidation of the granular soil 
skeleton takes place with a different mechanism than known 
from classical consolidation theories. In the suspension of the 
granulate and the pore contents, a quick separation process oc
curs, as the decrease in effective stresses allows the reordering of 
the grains in the soil skeleton and their settlement in a new and 
denser structure. The smaller part of settlements observed during 
the dissipation of excess pore pressures corresponds to a classi
cal consolidation process, when pore pressure dissipation is 
coupled to the build-up of effective stresses in the granular soil 
skeleton and is followed by settlements in the consolidating soil 
layer.

The consolidation process observed on the settlements o f the 
model surface results as a mechanical interaction of the fully and 
the naturally saturated soil layers. The explosion induced de
crease of effective stresses unload the base o f the naturally satu
rated layer and constrains its deformation. The redistribution of 
stresses introduces additional loading into the consolidating soil 
layer. The settlements observed on the ground surface are an 
integral result of the displacements in the compacted saturated 
soil region and in the naturally saturated soil layer. Thus, the 
deformation behaviour o f the naturally saturated soil layer sig
nificantly influences the consolidation process following the 
explosive loading.

Effects of stress redistribution have often been registrated in 
field tests on explosive ground improvement, where the increase 
of pore pressures has been reported to happen in great distances 
from the explosive source and at late times after the explosion 
was initiated.

efficiency of explosive energy introduction into soils, the pre
sented theoretical model shows, that the soil zone influenced by 
the explosion is expanded by the increase of detonation pressure 
o f the explosive, by the increase of the mass o f the explosive 
charge, by the increase o f the initial degree of saturation in the 
soil, by the decrease of the adiabatic exponent of gaseous explo
sion products and by the decrease of the initial density of the 
granular soil skeleton.

The elaborated experimental results clearly point out, that the 
explosive soil compaction consists of two consecutive mechani
cal processes. In the first, transient loading process, the compac
tion energy is introduced into the soil in form of a high ampli
tude wave-field emerging from the explosive source. The pulsa
tions of the cavity of gaseous explosive products increase the 
extension of the soil zone, where residual pore pressures are 
generated and effective stresses are reduced. The residual pore 
pressures cause a full or partial shear strength loss in the soil, 
allowing the granular skeleton to reorganize itself in a denser 
structure.

In the practical application of explosive soil compaction 
should be considered, that the sudden unloading of the naturally 
saturated soil region in consequence of the explosion can lead to 
significant stress redistributions and to the development of soil 
zones with low density beyond the improved subsoil region. 
This is especially the case, if stiff layers are present in the layers 
above the soil zone treated with explosions. To avoid subsoil 
regions with undesired density decrease, it is reasonable to carry 
out the ground improvement in higher depths first. If a combined 
ground improvement measure is considered at a site, where the 
fully saturated soil regions are compacted by explosions while in 
partially saturated soil regions alternative improvement tech
niques are applied, the explosive compaction should be carried 
out first.

The option of an explosive ground improvement should be 
considered in the case, when the prerequisites regarding soil 
characteristics, water-saturation and seismic insensitivity o f the 
environment are given.
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5 CONCLUSIONS

The explosive compaction method can be used to increase the 
density in water-saturated granular or slightly cohesive soils 
(sands and silts) up to the intermediate density range in a very 
productive and economic way and is best appropriate for ground 
improvement objects extending over large surfaces and depths. 
At the application of the explosive ground improvement tech
nique must be considered, that the surrounding environment can 
suffer a serious dynamic excitation, which can endanger the 
stability of existing buildings and earthworks. Furthermore, the 
applicability of explosive compaction is restricted to the water 
saturated soil region below the water-table level. Regarding the
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