
The shock response and dynamic fracture of concrete gravity dams under impact load are the key problems to 
evaluate the antiknock safety of the dam. This study aims at understanding the effects of impact shock on the 
elastic response and dynamic fracture of concrete gravity dams. Firstly, this paper uses acceleration records of 
a concrete gravity dam under impact to establish the correct way to determine the concrete gravity dam of the 
fundamental frequency and present cut sheets multi-degree-of-freedom dynamic modeling. Under strong impact 
loading, the constitutive relation of concrete gravity dam and the highest frequency of the impact are uncertain. 
So, the main advantage of this method is avoiding the use of elastic modulus in the calculation. The result indicates 
that the calculation method is a reliable computational method for concrete gravity dams subjected to impact. 
Subsequently, the failure process of dam models was numerically simulated based on ABAQUS commercial 
codes. Finally, this paper puts forward suggestions for future research based on the results of the analysis.
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Introduction

Recently, the Novosibirsk Hydroelectric Plant after a report about a 
planted explosive, Russia has declared a state of emergency. So, this event 
should cause the attention of researchers and administrative departments. 
Hydraulic dams are critical infrastructure in geotechnical engineering.  They 
are often designed and built to store water for drinking and irrigation in adjacent 
areas, to add water recreation spaces, to create a water way for the short-distance 
transport of people and goods across deep canyons in mountainous regions, 
and to regulate the river during a flood event. A water-filled dam can boost 
the local economy through various personal and business activities, leading 
to the establishment of a new community center such as a village or a town, 
and representing a major capital and long-term investment. On the other hand, 
the breaching and an accidental damage of a dam can lead to a catastrophic 
flood event and its chain effects such as engulfing downstream residential areas 
and washing away agriculture lands. Therefore, design and maintenance 
of dams are not only a serviceability issue but also a life-threatening 
matter to millions of  people. 

When extreme events such as earthquakes, tsunamis, hurricanes, 
and tornadoes took place, concrete dams can be subject to extensive 
shaking and wave impact. The March-11, 2011, Japan Earthquake event 
testified the destructive power of the earthquake-induced tsunami. 
Many scholars have studied the high dam subjected to earthquake 
action. Among these are Zhou et al. (2000), Mir et al. (1995), Kong 
et al. (2012). Equally, if not more important, dams are also vulnerable 
targets for man-made explosion events, particularly with the advent 
of advanced long-range and precision missile technologies. Since 
the September 11 attacks by terrorists, there has been increasing 
public concern about the threat of bomb attacks on dam structures 
(Federal Emergency Management Agency, 2003). Therefore, protection 
of dam structures against impact loads is a critical component of homeland 
security (Lu et al., 2013). Indeed, as respectively studied by Lu et al. (2012, 
2014a, 2014b), and Zhang et al. (2014), the risk of a tall concrete dam 
being subjected to underwater explosion shock wave cannot be neglected. 
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Currently, with the development of computational techniques and 
numerical simulation methods, as well as commercialization of nonlinear 
dynamic software (e.g. ABAQUS, LY-DYNA), major developments in 
understanding the structural responses and failure modes of concrete 
structures under blast load have taken place. Many researchers have 
conducted comprehensive experimental and numerical investigations 
related to the effects of explosions on building structures(Tian et al., 
2008; Jayasooriya et al., 2011), marine structures (Jin, et al., 2011; Zhang 
et al., 2011), underground structures (Ma et al., 2011; Li et al., (2013), 
and bridge structures (Hao et al, 2010; Son et al., 2011). In the modeling 
of transient loading, it is very critical to describe the propagation velocity 
of the stress waves correctly. In fact, the value of this velocity depends 
on the material elastic modulus that is given by the material constitutive 
relation. From the material point of view, concrete shows an increase 
in elastic modulus with the strain rate increases, a phenomenon called 
strain rate effect (Georgin, 2003). The relationship between concrete 
strength and strain rate was extensively investigated by Bischoff and 
Perry (1991), Georgin and Reynouard (2003), Grassl(2006) and Tai, Y.S. 
(2009). Because many problems of the concrete material constitutive 
parameters and constitutive model have not been a clear understanding, 
the numerical results obtained by different calculation models are very 
different. Moreover, the modeling of the strain rate effect on concrete is 
not very easy to tackle. These problems, to a great extent, comprise the 
uncertainty existing in the macroscopic numerical simulation.

One of the efficient methods to study the failure modes and 
mechanisms of structures is to carry out a large number of model 
experiments and obtain data from them. Considering that the 
experimental study has its limitations, as well as great difficulties and 
expensive costs for the underwater explosion test, only a small amount 
of data can be obtained. For example, Lu et al. (2014b) obtained only a 
small quantity of damage to the relationship between the state and the 
maximum pressure of the shock wave through model tests.

Overall, to the best of our knowledge, experimental investigations 
of concrete gravity dams under underwater shock wave effects have not 
yet been conducted to date. Concrete dams are thoroughly studied in this 
paper both experimentally and numerically to understand their behavior 
and failure modes. Specifically, this paper is to use acceleration records 
of the concrete structure under strong impact to establish the correct 
way to determine the concrete structure of the fundamental frequency 
and present cut sheets multi-degree-of-freedom dynamic modeling. 
The dams were numerically modeled to understand further their short-
time failure process in the order of msec based on ABAQUS.

Examples of model tests

The same test setup and test results as presented by Lu (2012), Lu (2014a), 
Lu (2014b)were used in this paper which will be briefly depicted as follows. The 
dimension of the model dam and test layout are shown in Figure 1.

Figure 1. Dimension of the model dam and test layout 
(Lu, 2012; Lu, 2014a; Lu, 2014b).
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The mechanical properties of the individually tested samples and 
their average values are given in Table 1. Therefore, the actual material 
density, Young’s modulus, compressive strength, and tensile strength of 
the small-scale model are ρm = 2,900 kg/m3, Em = 355 MPa, fcm = 205 kPa, 
and ftm = 13.2 kPa, respectively.

Table 1. Mechanical Properties of Concrete Material for Scale Model Dams
 (Lu, 2012; Lu, 2014a; Lu, 2014b).
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The main test results of Model test are shown in Table 2. The pressure, 
strain recorded and acceleration recorded are shown in Figures 2, 3 and 4.

Table 2. Main results of the Model tests
(Lu, 2012; Lu, 2014a; Lu, 2014b).
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Figure 2. Time history of the impact pressure on the dam surface
(Lu, 2012; Lu, 2014a; Lu, 2014b).

Figure 3. Recorded strain (Lu, 2012; Lu, 2014a; Lu, 2014b).
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Figure 4. Recorded Acceleration Time Histories from the Model test
 (Lu, 2012; Lu, 2014a; Lu, 2014b).

As shown in the measured pressure-time curve, the impact load can 
be simplified to a triangular distribution. The failure mode and damage 
area are shown in Figure 5.

Figure 5. Failure Mode and Damage Area[6-8]

Note that the accelerometers and pressure sensor were not 
synchronized during the test. As a result, the peak accelerations seem to 
occur before the application of the peak pressure.

The maximum time delay among the five accelerometers is 23.44 msec. 
The time delay was likely caused by different periods when five hammers 
applied impact forces. Based on the arrival time of peak accelerations, 
Hammers 4 and 5 were in contact with the model dam later than Hammers 1-3.

3. Cut sheets dynamic modeling

For that, the concrete dam is divided into I unites, the governing 
equation for the system with I freedom is as follows:

    [M] {a}+[K]{X}={P}                       	                     (1)

where   [M],[K] denote the mass matrix and stiffness matrix; {X}, {a} 
and {P} are the displacement, acceleration and force vectors, respectively. 
Displacement and acceleration using the vibration mode expand can be got

                                             
                                                                                                             

(2)
                                                                                
                                                       			 
						              (3)

where is {φi} i-th mode vector of the system, ξi is general coordinate 
corresponding to {φi}.

Equation 1 after substituting Equations 2 and 3 becomes

                                            
                                                                                                  (4)

This equation left multiplied by {φj}T becomes
                      
                                                                                                             (5)

Use of the orthogonality of the vibration mode on the  and , that is

                         
						            

  (6)
 

By the Equations 5 and 6 can be got
                                                                                             
						              (7)

The governing equation for ξi is
                               

                                                                                                                        (8)

(9)

(10)

(11)

(12)

Let
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(13)

(14)

(15)

where superscript T denotes transformation of matrix or vector. Pi*  is 
the generalized force the corresponding to i-th vibration mode. Mi* is the 
generalized masscorresponding to i-th vibration mode.

Mii is known quantity, so Mi* can be determined. To give expression 
of    , must be assumed for Pi*(t) .Therefore, three forms of the impact 
force-time curve were examined, as shown in Figure6 (a-c), with the 
same Pmax and impulse PmTr.

Figure 6. Generalized impact force-time curve

Solutions of       for Figure 6, a, b, and c, are represented by Equations13, 
14 and 15, respectively.

Because |Ẍ|t=0 = |Ẍ|max for Equations13 and 14 that are inconsistent 
with experimental results, Figure 6 (a) and (b) are impossible. To 
determine the value of  must also be determined ω0i  and  θC  from 
the measured acceleration record. The time of acceleration extremal 
point(including the maximum and minimum values) tm1, tm2, tm3... tmi and the 
time of acceleration zero point t01, t02, t03... t0i can be obtained by the measured 
acceleration records. If Tr  infinite,by the first type of the Equation 15, | |max 

occurs at the following times:  , respectively.

By the second type of the Equation 15, the following equations can 
be obtained

(16)

(17)

(18)

The specific calculation process is as follows:

Let tm1 <Tr , then 

The Equation 17 substituting ω01 of the solution to Equation 18 and   t01 
to determine Tr.  If  Tr > tm1, then the  ω01 and the corresponding Tr is solution. 
If  tm1 <Tr, then by tm1 and t01 from the measured acceleration records, and 
Equations 16 and 17 , the simultaneous solution to get ω01 and Tr .

The maximum acceleration (shown in Table 2) is gradually decreased 
from top to bottom, which reflects the first mode characteristics of the dam.

Experiment obtained vibration mode and natural frequency, so do not 
need too much freedom in the calculation. For that, the model dam is divided 
into five unites(as shown in Fig.7.).
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Figure 7. Discrete model dam and the locations of acceleration sensors

Mii (shown in Fig.7.) in Kg, 

It is reasonable to assume that the measured acceleration distribution is 
proportional to the first mode, so

for the Model test, {φ1} T=(1,0.323,0.161,0.111,0.074).From above                   

M*
1=5.1928kg, (P*

1)max = 1510.016N.

For given pressure-time curve shown in Figure 6(c) the Equation 15 becomes

(19)

(20)

For given case the maximum acceleration of 1# appears in t <Tr (where Tr 

is rise time of the pressure pulse, as shown in Fig.6.), so  is obtained 1

                    From     and the value of ω01 equal to 52.22 by 
Equation 18, we can get

Calculation results and experimental results are in good agreement. It 
indicates that the cut sheets dynamic calculation model is a reliable computational 
model for the concrete dam subjected to impact load. The main advantage of 
this method is avoiding the use of elastic modulus in the calculation. Under 
impact loading, the constitutive relation of concrete structures and the highest 
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frequency of the impact are uncertain. The computational work is much smaller 
than step by step integration.

Failure Process by Simulation

During impact tests, it is difficult, if not impossible, to observe the failure 
process of concrete dams over the duration of pressure pulse (~60 msec) except 
at the end of the tests. On the other hand, the cut sheets dynamic model can 
calculate the elastic response of the dam under impact, but that cannot simulate 
the dynamic fracture process, and must assume that the functional form of load. 
Therefore, numerical simulations with a Finite Element Model (FEM) were 
supplemented for further understanding of the concrete dam behavior over time.

A FEM of the Model dam was established with 4-node linear tetrahedron 
three-dimensional (3D) elements in ABAQUS commercial codes. Due to 
symmetry in both boundary conditions and loads, only half of the dam was 
numerically modeled as shown in Figure 8. The model dam was fixed at its base. 
The locations of five accelerometers are also shown in Figure 8. The mechanical 
properties of concrete used for the Model are included in Table 1. Besides, the 
Poisson ratio was taken to be 0.18 in various simulations. 

Figure 8. 3D Meshes and Locations of Five Accelerometers  of Half 
of the Model 

For convenience, the pressure-time curve in Fig. 2 was cleaned up and 
only the main pulse was included in simulation as shown in red line in Figure9. 
After numerical treading, the peak pressure slightly increases from 48.6 kPa to 
49.7 kPa due to the initial negative value of the recorded pressure time history. 
The horizontal stress at the location of strain gauge was calculated from the FEM 
under the registeredpressure. Figure8 compares the calculated stress (black line) 
with the recorded pressure (red line) and the so-called “Predicted stress” (blue 
line) by multiplying the recorded strain by the modulus of elasticity. It is clearly 
seen that the three-time histories are in good agreement because the horizontal 
stress expects to be in equilibrium with the applied pressure at the upstream of 
the model dam. Therefore, the FEM is partially validated.

Figure 9. Recorded Pressure, Calculated Stress and Measured 
Stress from the Measured Strain

Figure 10 shows the distribution of the vertical bending stress at 
different time instances and the progression of structural failure. Since 
the maximum bending stress at 13.3 msec. exceeds the tensile strength of 
concrete, 18 kPa, concrete was considered to start cracking at 13.5 msec. 
in numerical simulations. Crack initiated at 0.57 m above the base, which 
is close to the fracture location observed at 0.5 m high during the testing 
of the Model in Table 3. At 20.0 msec, the fracture was extended to the 
downstream face and, by the end of pressure loading at 50.0 msec, another 
fracture section was fully developed across the middle of the model dam as 
well as at the bottom of the dam. The fracture damage at the base is similar 
to the pattern observed from the photo of the Model in Table3. The fracture 
in the middle of model dam seems close to the damage scenario observed 
during the testing of Model underlarger impact loading.

Figure 10. Distribution of Vertical Stress (bending effect) 
at Various Time Instances

In practical applications, there is no anchorage of dam foundation. It is 150 
m tall (h) and 112.5 m wide (L) with a vertical upstream slope and a downstream 
slope of 1:0.75.

Let
P1 is the tensile strength of concrete material. There  P1  = 0.3 MPa

P2  isconcrete gravity against sliding stress.

      MPa

When G is the dam gravity. f=1 is the friction coefficient.

P3  is Concrete gravity against overturning.

(a) Before damage (b) Crack initiated at 13.5 msec.

(d) Model collapse at 50.0 msec. (c) Fracture through the top 
section at 20.0 msec.
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To simplify the calculation of the dam as a triangle, centroid dam in 1 / 3H 
and 2/3 L Department, the resultant moment M (T) can be obtained

(21)

(22)

where F is the uniform external force on upstream. Hydrostatic pressure 
PW is expressed as:

Where  ρw is the density of water.
If  M (t) ≥ 0, when the dam starts to rotate, so

The concrete dams may be first toppled off, then fracture at their top of 
the damand, finally, fracture at their middle height.

The performance of concrete under impact load and static load 
strength and deformation have a certain difference, with the increase 
of loading rate, the mechanical properties of concrete exhibit different 
behavior, the so-called rate dependent. At present, the research work is 
not enough, the research data is relatively small, and the conclusions of 
the study are not unified. This kind of research needs mesoscopic and 
macroscopic numerical analysis methods(multis cale model). 

Conclusions

The following conclusions can be drawn:
Under strong impact loading, the constitutive relation of concrete structures 

and the highest frequency of the impact are uncertain. This paper uses acceleration 
records of concrete structure under strong impact to establish the correct way to 
determine the concrete structure of the fundamental frequency and present cut 
sheets multi-degree-of-freedom dynamic modeling. The main advantage of this 
method is avoiding the use of elastic modulus in the calculation. Calculation 
results and experimental results are in good agreement. The computational work 
is much smaller than step by step integration of the finite element.

However, the cut sheets dynamic model can not simulate the dynamic 
fracture process, and must assume that the functional form of load. Therefore, 
numerical simulations with a finite element model (FEM) were supplemented for 
further understanding of the concrete dam behavior over time. The results of the 
analysis indicate that concrete damage mainly occurred at the dam head and bottom 
using the material property from Table 1.Concrete dams may be first toppled off, 
then fracture at their top of the damand,  finally,  fracture at their middle height.

The performance of concrete under impact load and static load strength 
and deformation have a certain difference, with the increase of loading rate, 
the mechanical properties of concrete exhibit different behavior, the so-called 
rate dependent. At present, the research work is not enough, the research data 
is relatively small, and the conclusions of the study are not unified. 
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