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internally fixed, which is similar to a cantilever beam
with different section areas. In this context, as the
shock wave arrives at the top and the bottom of the
upstream face, the generated bending moments
would force the dam to bend in the downstream di-
rection. In this situation, the downstream face is
under compression, while the whole upstream face is
under tension. After the tensile damage covers the
whole upstream face, three major tensile damage
areas inside the dam, i.e. the upper part, the lower
part, and the dam bottom near the foundation, could
be observed at 0.60 ms (Fig. 8e). The tensile damage
in the lower part of the dam initiates from the up-
stream face and develops in the downstream
direction.

Fig. 9 shows a comparison of the damaged dam
between the centrifuge test UE-04 and numerical
simulations. The dam failures observed in the up-
stream face and the downstream face of the centri-
fuge test UE-04 are presented in Fig. 10, as supple-
ments for Fig. 9b. According to the observations, two
tensile fractures inside the dam are striking, one in
the upper part and the other in the lower part. The
fracture in the upper part is at the change in the

downstream slope, and is normal to the upstream face.

In addition to the severe tensile damage in the up-
stream face induced by bending tensile loads, severe
tensile damage in the upper part of the downstream
face could also be observed (Fig. 9a right and
Fig. 10b). With a relatively small section area there,
the compressive stress wave generated in the up-
stream face could quickly reach the downstream face
with little attenuation. Reflection of this compressive
stress wave then induces a tensile stress wave of high
intensity, which is responsible for the severe tensile

damage in the downstream face. Hence, for the
fracture in the upper part, the effects of the bending
tension from the upstream face and the reflected
tensile stress wave in the downstream face are cou-
pled. This will be further proved in Section 3.2 using
the recorded strain histories.

The second fracture is in the lower part at
around one third of the height of the dam. This
fracture is no longer normal to the upstream face, as
there is a horizontal angle with a measured value of
about 15°. Driven by the bending tensile loads, the
second fracture develops from the upstream face in
the downstream direction, penetrating through the
dam body. Owing to the large section area of the dam
body, there is strong attenuation of the compressive
stress wave as it propagates from upstream to down-
stream. In this context, the tensile stress wave re-
flected by the compressive stress wave at the lower
part of the downstream face is relatively weak. Thus,
the second fracture in the lower part is produced
mainly by the bending tensile stress. This will be
further confirmed by the recorded strain histories

Fig. 10 Dam failures from the centrifuge test UE-04: (a)
upstream face; (b) downstream face

Fig. 9 Dam failures from numerical simulations (a) and centrifuge test UE-04 (b) ( .: horizontal angle of the fracture)
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below. Note that the main features of the tensile
fractures, including their position and direction of
fracture, were nearly identical for the centrifuge test
UE-04 and the numerical simulations.

However, the numerically predicted dam fail-
ures were more severe than those from the centrifuge
tests. For example, Fig. 10 shows that no fracture
could be observed in the two side dam blocks fol-
lowing the centrifuge test, which is inconsistent with
the tensile fracture in the upper part for both the
middle and the side dam blocks for the numerical
predictions (Fig. 9a left). This may be attributed to
the presence of free water in the concrete greatly
enhancing the tensile strength of concrete under
high-strain-rate conditions (Ross et al., 1996; Cadoni
et al., 2001; Zheng and Li, 2004; Erzar and Forquin,
2011; Huang et al., 2020a, 2020b). Generally, for
strain rates ranging from 107 to 10> s™', the tensile
strength of saturated concrete is 1 to 2 times that of
dry concrete. Note that free water not only affects the
tensile strength of concrete, but also influences the
deviatoric strength and volumetric stiffness of con-
crete, with much lower deviatoric strength capacity
and higher volumetric stiffness for saturated concrete
than dry concrete. However, the tensile fractures
considered in this study for a concrete gravity dam
subjected to UNDEX, are governed mainly by the
tensile behaviors of concrete dams. The deviatoric
behaviors under a stress state of triaxial compression
and the volumetric behaviors under hydrostatic
pressure of concrete have limited effects on the ten-
sile fractures concerned here (Huang et al., 2020a).
For a concrete dam surrounded by water, such as the
concrete dam used in the centrifuge tests, the con-
crete is internally totally or partly saturated. Thus, the
free water effect acts on the concrete dam in the
centrifuge tests. However, the free water effect is
currently not considered in the model proposed by
Kong et al. (2018). For a concrete model without
consideration of the free water effect, the numerical
predictions will overestimate the tensile damage to
saturated concretes. In addition, the waterproof
treatment applied on the surfaces between the three
dam blocks, and the surfaces between the dam blocks
and container walls (Fig. 1b), may also partly
strengthen the concrete dams used in the centrifuge
tests. This waterproof treatment, therefore, may have
also contributed to the gap between the centrifuge

test results and numerical predictions.

Furthermore, numerical simulations predict the
occurrence of obvious tensile damage at the dam heel
near the foundation, but no visible cracks were found
in the centrifuge test. One of the probable reasons
could be the reinforcement of the foundation caused
by the pouring of a layer of waterproof cement on the
foundation in the centrifuge tests (Fig. 1b).

3.2 Strain histories

The recorded z-strain histories of the upstream
and downstream faces provide strong evidence for
the underlying mechanism of the dam failures ob-
served in the centrifuge tests and numerical simula-
tions. Several representative positions in the up-
stream face and downstream face are marked in
Fig. 11. The z-strain histories of positions in the up-
stream face are depicted in Fig. 12, while those in the
downstream face are presented in Fig. 13. In this
study, negative values of strain denote compression.

(a) (b)

i

Fig. 11 Several representative positions in the upstream
face (a) and downstream face (b) of the dam

From Fig. 12, a similar tendency can be ob-
served for the z-strain histories of position 4 in the
lower part and position B in the upper part of the
upstream face. The strain histories begin with a short
stage of compression, and then transform into a state
of tension. This is consistent with the analysis above:
namely, as the shock wave reaches the dam, the up-
stream face is first under a state of compression;
subsequently, bending moments force the dam to
bend towards the downstream, putting the upstream
face under tension. Note the release of tension at
intervals, which is reflected in a sharp decline of the
tensile strain (Fig. 12). This is due mainly to the
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Fig. 12 Numerical predictions of z-strain histories of positions in the upstream face: (a) position A4 in the lower part; (b)
position B in the upper part (negative value denotes compression)
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Fig. 13 z-strain histories of positions in the downstream face: (a) position C; (b) position D (negative value denotes

compression)

reflected tensile stress wave on the downstream face,
which intermittently forces the dam to bend towards
the upstream (that is why some tensile cracks appear
in the downstream face), resulting in the release of
tension in the upstream face. After the short stage of
compression, position 4 in the lower part of the up-
stream face is under a state of tension all the time,
despite the release of tension at intervals contributed
by the reflected tensile stress wave. This observation
supports the conclusion that the second fracture in
the lower part is produced mainly by bending tensile
loads from the upstream face. However, the case of
position B in the upper part of the upstream face is
different. After the short stage of compression (in-
duced by the compressive stress wave), position B is
first under a state of tension. During this stage, the

tensile strain is very large, which reveals the severe
tensile damage induced by the bending tensile loads
from the upstream face. However, after that, the
upstream face is again under a state of compression.
This stage of compression is produced by the re-
flected tensile stress wave in the downstream face, as
discussed above. This variation in the strain history
of position B confirms the existence of the coupled
effects of the fracture in the upper part, as mentioned
in Section 3.1.

According to the underlying mechanism of the
fracture in the lower part, the upstream face is under
tension induced by the bending tensile loads. Ac-
cordingly, the downstream face should be under a
state of compression. The strain histories of positions
C and D in the lower part of the downstream face are
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depicted in Fig. 13. Clearly, both positions are under
the state of compression all the time. The z-strain
history of position C from centrifuge test UE-04 is
also presented in Fig. 13a, and coincides well with
the numerical predictions.

3.3 Discussion

Consistent results from the centrifuge test UE-04
and numerical simulations have revealed the exist-
ence of two tensile fractures in a concrete gravity dam
subjected to near-field UNDEX. The mechanism of
the fracture could be ascribed to the effect of bending
tensile failure. Fig. 14 presents the distribution of
maximum tensile stresses predicted by numerical
modeling along the height of the dam. Generally, two
peaks exist in this tensile stress distribution, one in the
upper part and the other in the lower part. The posi-
tions of the two peaks are consistent with those of the
two tensile fractures (Figs. 9 and 10). The peaks in the
upper part of the downstream and upstream faces are
at the same altitude. The peak in the lower part of the
downstream face is slightly lower than that in the
upstream face, which is consistent with the horizontal
angle of the fracture. From this point of view, pre-
dicting the tensile stress distribution along the height
of a concrete gravity dam in response to UNDEX is
an alternative way to predict the positions of the ten-
sile fractures.

A breach of the dam will probably occur if the
UNDEX is severe enough or if the dam suffers from
another explosion with the existence of previously
produced tensile fractures inside the dam. Fig. 15
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schematically illustrates the modes of dam breach that
might be observed, based on the results of the dam
failures from the centrifuge test and numerical simu-
lations. Associated with the tensile fracture in the
upper part, a shallow breach is possible in the upper
part of the dam (Fig. 15a). If there is another tensile
fracture in the lower part of the dam, the breach will
be deeper, depending on the position of this fracture.
In the case of the configuration of the dam model in
this study, i.e. large amounts of explosives detonated
near the upstream face, a deep breach associated with
the second fracture may be observed (Fig. 15b). Re-
alistic dam failures suffered by a dam prototype fol-
lowing a near-field UNDEX are hardly accessible.
Nevertheless, dam structures are prime targets during
wars, and a number of dams have been attacked in
military history. Some were attacked using large
amounts of explosives which were detonated near or
in contact with the dams (Wang et al., 2020). Fig. 16
presents some dam failures produced by military
attacks in history (Wang et al., 2020). Generally,
these dam failures share a similar mode, namely a
breach of variable width and depth in the upper part.
For example, the Mohne dam was 40 m high, with a
6.25-m crest width and 34-m base width, and was hit
by two tombs in the center of the upstream face. The
condition of the M6hne dam was very similar to the
configuration of the dam prototype used in this study
(dam height 44 m, crest width 4 m, and base width
30 m, according to the scaling law for UNDEX in the
centrifuge, Fig. 2). The results are encouraging: the
failure of this dam with a deep breach (Fig. 16) was
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Fig. 14 Numerically predicted maximum tensile stresses along the height of the dam: (a) upstream face; (b) downstream

face
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Fig. 16 Dam failures due to military attacks in history: (a)
Suiho dam, Korean war, 1952; (b) Mdohne dam, Second
World War, 1943; (c) Dnjeprostroj dam, Second World
War, 1941

consistent with the results presented in this study. In
this context, determination of the position of the ten-
sile fracture in the lower part is essential, as it inter-
nally determines the depth of the breach for a dam
subjected to UNDEX.

(b)

4 Conclusions

Centrifuge tests and numerical simulations were
performed in this study to investigate the failure of a
concrete gravity dam subjected to a near-field un-
derwater explosion. Results of the centrifuge tests and
numerical simulations were in good agreement. There
were two tensile fractures inside the dam: one in the
upper part and the other in the lower part of the dam.
The mechanism of the dam failure could be reasona-
bly explained by a failure mode induced by bending
tension. Our conclusions can be summarized as
follows:

1. The thin upper part of a concrete gravity dam
is vulnerable. A horizontal tensile fracture was ob-
served at the break of the downstream slope. This
fracture resulted from the coupled effects of the
bending tensile stress in the upstream face and the
reflected tensile stress wave in the downstream face.

2. A tensile fracture was also observed in the
lower part at around one third of the height of the dam,
and at a horizontal angle of about 15°. This fracture
was produced mainly by the bending tensile stress in
the upstream face, causing the fracture to propagate in
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a downstream direction. Recorded strain histories
provided strong evidence for the underlying mecha-
nism associated with the two tensile fractures.

3. Some dam failures produced in historical wars
shared a similar failure mode, generally a breach of
variable depth in the upper part of the dam. This
failure mode is consistent with the results presented in
this study. The position of the tensile fracture in the
lower part internally determines the depth of the
breach for a dam subjected to underwater explosion.
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