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ABSTRACT
While there are documents providing guidelines on ground
shock loading on underground structures, the application of
such guidelines in a tropical country like Singapore needs to
be re-examined. Singapore experiences high temperature and
abundant rainfall throughout the year. Therefore, the soil
moisture surrounding an underground structure above the
ground water table alternates between dry and wet conditions.
This article summarises the findings of a series of small-scale
field tests to investigate the effects of the degree of saturation
on ground shock. These findings presented will aid the
development of technologies to mitigate ground shock effects
on underground structures in the future.
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INTRODUCTION
Going underground is an effective way of
avoiding enemy detection and reducing the
risk of physical attacks. Finding deeply buried
facilities remains as one of the greatest
technical challenges in warfare (Streland,
2003). The history of using underground
structures dates back to the Second Century
AD when early Roman Christians hid
in catacombs – which are underground
structures dug from porous rock – outside of
Rome to escape persecution. From 1929 to
1940, the French constructed a 235-kilometrelong subterranean system called the Maginot
Line to protect France from German
incursions (Allcorn, 2003). During World War
Two, the Germans used underground mines
to house military industries and missile silos.

GROUND SHOCK 		
AND UNDERGROUND
STRUCTURES
Ground shock is the loading of the ground
due to the explosion of bombs on or
within the ground and is the main threat
to underground structures. There are three
key parameters that have to be considered
for the design of an underground protective
structure: ground shock, structure and the
ground in which the structure is installed.
However, these three parameters are not
mutually exclusive. Ground shock depends on
the source (i.e. bomb) and the transmitting
medium (i.e. ground). Ground shock intensity
on an underground structure is the most
difficult to estimate (Baylot, 1992).

In the Cold War era, Sweden built a
number of underground defence facilities.
Since then, the US has also built several
underground facilities. The construction of
an underground command post at Raven
Rock Mountain, Pennsylvania, for the
US military was completed shortly after
President Eisenhower’s inauguration in 1953.
In 1962, an underground shelter built to
house the legislative branch was completed
in West Virginia. During the 1950s and
1960s, a blast-proof vault was constructed
in a mountain in the US to store money that
would keep its economy running in the event
of a devastating attack.

Most research efforts have concentrated
on improving the strength of underground
structures. For example, Gautam and Pathak
(1997) described an underground blastresistant structure made of lightweight
steel sheets that can withstand a dynamic
loading of 12psi. McCarthy (2002) described
paraboloid
fibreglass
self-contained
structures (as illustrated in Figure 1) that
can withstand overpressures of 15-20psi.
However, very little attention has been
paid to the ground conditions in which the
structure is installed. This article highlights
the importance of ground conditions in
the installation and design of underground
structures.

To date, the number of Continuity of
Government underground facilities in the
US is between 50 and 100. Linger, Baker
and Little (2002) contended that going
underground reduces the risk of critical
infrastructure disruptions from terrorist
attacks. The ground and its moisture
conditions are important factors to consider
in the construction of underground structures
as they determine the structural loads
significantly. This article focuses on the
ground moisture conditions around an
underground structure in response to a
conventional weapon load.

The Technical Manual on Fundamentals of
Protective Design for Conventional Weapons
(TM 5-855-1) recognises that ground shock
intensity can vary widely for different soil
types. Experiments conducted by Dorris
(1965) and Walker, Albritton and Kennedy
(1966) examined the response of a steel
cylinder (with the dimension of four inches
in diameter, 18 inches in length, and 1/16
inch in height) placed at several depths of
cover ranging from dense dry sand and stiff
clay to static and dynamic overpressures.
The experiments showed that the cylinder

Figure 1. A paraboloid fibreglass self-contained shelter model
(Source: Adapted from McCarthy, 2002)

covered by sand was able to withstand
much higher overpressures as compared to a
cylinder covered by clay. Baylot (1992)
suggested that there are two options
available to designers of underground
structures: (a) to replace the in-situ soil
with sand or (b) to use the in-situ soil.
Although the former option provides a
more favourable condition, it is more
expensive and it may not be feasible in
some cases. Nevertheless, free-field stresses
can be used to estimate the loading on the
structure. This observation was discussed in

TM 5-855-1 (1986) as well as by Drake, Frank
and Rochefort (1987) and Baylot (1992).
The peak pressures for contained explosions
in various soil types as a function of scaled
distance is shown in Figure 2. Besides soil
type, the degree of saturation plays an
important role in determining peak pressures
(Leong et al., 2003; 2007). As shown in Figure
2, corresponding higher peak pressure
occurs as the soils get increasingly wet (as
shown by curves 2 and 3). It is recommended
that underground shelters should be
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Figure 2. Peak stresses from contained explosions in various soils
(Source: Adapted from TM 5-855-1, 1986)
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Figure 4. Relationship between peak pressures and distance using dimensionless parameters

Figure 3. Schematic view of small-scale explosion tests in partially
saturated soil (Source: Adapted from Leong et al., 2007)
installed outside of flood-prone areas or
above the ground water table (The Survival
Center, 2011). However, in a tropical country
like Singapore with abundant rainfall
throughout the year, the ground moisture
levels are usually high.
A joint research programme between DSTA
and Nanyang Technological University
(NTU) studied the effects of the degree of
saturation on free-field peak pressures using
small-scale field tests (Leong et al., 2003;
2007). One series of tests used one, four and
10 kilograms of plastic explosive known as
Pentaerythritol tetranitrate (PETN) at various
depths (see schematic diagram in Figure 3).
The test results show that peak pressures
increase at higher degrees of saturation. The
results are illustrated more clearly in Figure
4 which shows the re-plotting of Figure 2
using dimensionless parameters of peak
pressures and scaled distances. The explosion

wave which travels through the soil can be
visualised as travelling through a three-phase
medium: soil particles (i.e. solid), water and
air. Dry soil consists of soil particles and air
while completely saturated soil consists of soil
particles and water. This visualisation can be
extended to scenarios where the explosion
wave travels through only air or water.
The peak pressures for explosions in air
(TM 5-855-1, 1986) and in water (Cole, 1965)
are known. From Figure 4, it can be observed
that there is a merger between the curves
depicting an explosion in air and in water.
Furthermore, all the curves converge at low
values of scaled distances and spread out at
high values of scaled distances. Peak pressures
from field tests conducted in unsaturated
and saturated soils are plotted on separate
lines. In addition, the readings of peak
pressures from field tests conducted in
unsaturated soils were lower than that of

Figure 5. Schematic diagram of a buried cylindrical silo made of
reinforced concrete and fitted with a barrier of PVC pipes (Source:
Adapted from Kobielak, Krauthammer and Walczak, 2007)

wet soils. Therefore, the field tests revealed
two observations. First, curves for different
degrees of saturation will be similar to those
for different soil types given in TM 5-855-1.
Second, as the soil becomes increasingly
saturated, the dimensionless peak pressure
will approach the curve depicting an
explosion in air or water i.e. from curve 5 to
curve 1. The reduction in dimensionless peak
pressure becomes more pronounced at larger
dimensionless scaled distances.
Knowledge of the effects of the degree
of saturation on the dimensionless peak
pressure is useful in providing the theoretical

basis to develop technologies to mitigate
ground shock. For example, it can explain the
observations in Kobielak, Krauthammer and
Walczak (2007), Würsig, Greene and Jefferson
(2000) as well as Leighton, Richards and
White (2004). Kobielak, Krauthammer and
Walczak (2007) conducted tests to investigate
the effect of a barrier consisting of a row of
empty polyvinyl chloride (PVC) pipes on the
response of a buried silo to an underground
explosion (see Figure 5). They observed that
the barrier was effective in reducing the
peak pressures on the buried silo, and the
reduction increased as the distance from the
explosion to the barrier increased. The barrier

115

Degree of Saturation
			
on Ground Shock
Effects of

116
can be visualised as a highly unsaturated
zone of the soil with large voids before the
buried silo and peak pressures. In Figure 4,
curve 1 represents the condition without the
barrier and curve 4 represents the condition
with a barrier. Therefore, it can be seen that
there is a reduction in peak pressures as
scaled distances increase.
Würsig, Greene and Jefferson (2000) studied
the mitigation effects of an air bubble curtain
in reducing underwater noise caused by
percussive piling (see Figure 6). The air bubble
curtain was found to be effective in reducing
sound transmission through water due to
density mismatch as well as the combined
reflection and absorption of sound waves
by air bubbles. In Figure 4, the curves are
bounded by the upper peak pressure curve
due to an underwater explosion. Therefore,
it can be expected that an underwater
explosion in water containing air bubbles will
result in a lower peak pressure curve.

CONCLUSION
Hammer

Underground structures are important
protective elements in national defence.
The design of underground structures to
withstand ground shock is improving with
research and development. In this article,
the research on the effect of soil moisture
conditions on peak pressures provides
another perspective to those outlined in
TM 5-855-1 (1986). This new perspective
enables a number of observations to be
explained and quantified. DSTA and NTU
are working together to understand the
fundamental behaviour of wave propagation
through different soil types and degrees of
saturation. This understanding will lead to
a better estimation of the peak pressures
which can be applied to develop technologies
for mitigating ground shock effects on
underground structures.

Piling
Barge

Pile
25m

Bubble Curtain

Air Pipe on
Sea Bed

Figure 6. Schematic diagram of a bubble curtain used to reduce pile-driving noise
(Source: Würsig, Greene and Jefferson, 2000)

Leighton, Richards and White (2004) offered
an explanation of the purpose of bubble
nets created by humpback whales. It was
observed that humpback whales create
circles of air bubbles around their prey by
emitting air through their blowholes. This
action is accompanied by feeding calls lasting
one to two minutes. It is postulated that the
sound will help to gather and trap the fish
for feeding (see Figure 7). Therefore, it can
be inferred that keeping the surrounding
soil around an underground structure in an
unsaturated condition creates a barrier and
prevents ground shock from reaching the
underground structures.

Figure 7. Schematic diagram of a humpback whale creating a
bubble net for feeding
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