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1. Introduction 
 

As the most commonly used engineering composite 

material, concrete is widely used in urban roads and 

infrastructure constructions due to its versatility in shape 

and form, relatively low price, structural properties and 

abundance. Concrete structures may be subjected to 

different dynamic or static loading, which causes inevitable 

damage in its long-term operation. Eventually the 

abandoned concrete structures destroy the surrounding 

ecological environment and even threaten social security. 

Therefore, the recycle of waste concrete is very important 

for environmental protection (Kaliyavaradhan et al. 2017), 

so it is necessary to study the mechanical properties of 

concrete materials under various loading.  

With regard to the demolition of abandoned concrete 

structures, the former researchers have done many 

important works. Jin (2019) discussed the legislation and 

practice of concrete recycling in the United States and other 

countries in terms of case analysis, which provided a 

theoretical and practical basis for concrete recycling. Salesa 

(2017) proved the feasibility of recycled self-compacting 

concrete from precast concrete waste products by using the 

rheological and the slump-flow test. It was indicated that 

the excellent physical and mechanical properties of recycled 

concrete were friendly to environment. Kalinowska (2020) 

used thermal and mechanical treatment to disintegrate the 

mortar. The optimal processing parameters of concrete 

crushed stone was determined by separating the hardened 
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cement mortar and coarse aggregate. Lotfi (2015) carried 

out multi-stage procedure of the concrete rubble. Advanced 

technology was utilized to produce cement and clean 

aggregates from construction waste, and highly purify 

coarse aggregates from the old mortar. However, in the 

previous studies, the efficiency was not taken into 

consideration. The process of waste concrete recycling and 

regeneration was too cumbersome and the desired results 

could not be achieved. So the ultrasonic concrete crushing 

technology proposed in this paper is expected to become a 

new research in future for concrete recycling due to its high 

efficiency and good directionality.  

Recently, the studies on the damage mechanical 

properties of concrete have been conducted. Relevant 

studies have shown that ultrasonic spreads in concrete 

generally propagate in the form of stress waves (Nakahata 

et al. 2015). In the experiment, it is difficult to observe the 

microcosmic failure process, while the numerical 

simulation can be presented visually and provide numerical 

guidance for the test. Wittmann (1988) first proposed the 

numerical simulation method to analyze the damage 

mechanical properties of concrete at the microscopic level. 

Bazant (1990), on this basis, created a random particle 

model to study concrete damage and microscopic crack 

growth process. Therefore, more and more researchers 

began to study the dynamic mechanical properties of 

concrete. Zhou (2016) established a two-dimensional 

concrete FE model to simulate its dynamic tensile behavior. 

The proposed model was validated by comparison between 

the experimental and numerical data. Kwak (2015) and Kim 

(2019) simulated the concrete failure process under the 

condition of high strain rate. The structural behavior was 

investigated through the failure modes and cracking 

patterns. The results showed damage resistance 
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enhancement with the increase of concrete strength. As 

mentioned above, the dynamic constitutive model is the 

basis for the research of concrete dynamic mechanisms, and 

it also plays an important role in the analysis and 

mechanical behavior of concrete. However, these studies 

did not consider the integral mechanical properties of 

concrete, and only discussed its tensile and compressive 

damage properties in two dimensions. In addition, little 

research has considered the mechanical properties of 

concrete in three dimensions. Zhang et al. (2016) presented 

study aims at developing a versatile constitutive framework 

for concrete, which could be used in various stress states. 

Then a 3D elastoplastic damage model was developed 

based on the construction of plastic damage function. The 

asphalt concrete was regarded as an inhomogeneous 

material with fine aggregate matrix, Chen (2017, 2018) 

proposed a random algorithm to establish a three-

dimensional FE model of asphalt concrete. The FE method 

was used to predict the dynamic modulus of models with 

different structures, and the results verified its effectiveness. 

Tehrani (2013) used maxwell model to describe the matrix's 

viscoelastic behavior. A three-dimensional digital model 

was established and the complex modulus of asphalt 

concrete was predicted considering granular aggregates. 

However, the influence of aggregate shape was not 

investigated. Meanwhile, the aggregate shape was regarded 

to be circular without considering the real aggregate shape 

in previous researches. 

Previous research on the dynamic characteristics of 

concrete was mainly divided into single impact (Xiang et al. 

2017, Yu et al. 2014, Saleem et al. 2016), low frequency 

vibration (Zhang et al. 2018, Cao et al. 2018) and blasting 

(Nam et al. 2009, Li et al. 2018). However, in some recent 

studies, drop hammer and Hopkinson pressure bar (SHPB) 

tests are the most popular techniques for dynamic 

characterization of concrete strain rate (Gultop et al. 2015, 

Gholipour et al. 2019, Heravi et al. 2020). Al-Salloum et al. 

(2015) tested the dynamic behavior of concrete 

experimentally using annular and solid concrete specimens 

by split Hopkinson pressure bar (SHPB). Results show that 

failure modes of concrete is typical high strain rate ductile 

failure and low strain rate brittle failure. Wu (2017) studied 

the dynamic damage mechanical properties of concrete 

subjected to spiral impact. Aoude (2015) and Yu (2014) 

used ultra-high performance fiber reinforced concrete to 

study its performance under explosive impact loading. Anil 

(2016) conducted experimental and numerical 

investigations on different types of reinforced concrete 

beams under impact loading. It was found that the material 

type has an effect on the width of the crack. Comparatively, 

there are few researches on the damage of three-

dimensional concrete model with random aggregate under 

ultrasonic dynamic loading. 
In this paper, concrete was regarded as a heterogeneous 

composite material composed of cement mortar and coarse 
aggregate (Nakahata et al. 2015, Wittmann 1988, Wang et 
al. 2015). Considering aggregate shapes, aggregate was set 
as random polygon to avoid excessive time consumption. 
The three-dimensional random aggregate model of concrete 

was programmed by APDL, and then, the model was 
imported into ABAQUS software. According to the  

 

Fig. 1 Three-dimensional spherical aggregates 

 

 

excellent nonlinear simulation ability of the 

Explicit/Dynamic module in ABAQUS, the effects of 

ultrasonic amplitude, coarse aggregate volume fraction and 

particle size on concrete’s mechanical properties under 

dynamic ultrasonic loading were studied. 

 

 

2. Random aggregate generation and release 
program 

 

2.1 The generation method of random aggregate 
numerical simulation procedure 

 

Any point P in three-dimensional polar coordinate, can 

be determined by r, θ,  three parameters (Wang et al. 

2015) (where r is the radius of point P, θ is the angle 

between point P and the positive Z-axis,  is the angle 

between the line from the origin to point P in the XY-plane 

and the positive X-axis). The generation method is as 

follows: (1) Generate spherical aggregate frame, on this 

basis, its central coordinates (x, y, z) and radius D are taken 

as the control parameters of the location and size of random 

aggregate (Skarzynski et al. 2015). (2) 26 points are set in 

every 45° intervals of θ or  directions on the sphere and 

mark the number. By connecting these points, their surfaces 

can be approximately combined into a spherical area, as 

shown in Fig. 1. (3) The 26 points on the spherical 

aggregate frame are nodes which can fluctuate randomly 

with respect to the initial position, so the generation of 

random aggregates can be realized. (4) Assume that one 

point in the node is k, and the initial parameter of the point 

is rki, θki, ki. In order to avoid the formation of excessively 

deformed aggregate, the fluctuation of aggregate particle 

size r is set in the range (0, D/2), and θ,  are set in the 

range (0°, 22.5°), so the aggregate vertex function can be 

expressed as: 

random( 1,1), (0, / 2)

random( 1,1), (0 , 22.5 )

random( 1,1), (0 , 22.5 )

k ki r r

k ki

k ki

r r f f D

f f

f f

 

 

 

 

 = +  − 


= +  − 


= +  − 

 (1) 

where random (-1, 1) is a random function, which means 

generating a random number between (-1, 1). 
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Fig. 2 Flow chart of random concrete aggregate 

 

 

 
Fig. 3 Three-dimensional aggregates with arbitrary shapes 

 

 

The aggregate generation process is shown in Fig. 2. 

When the aggregate node fluctuates in the direction of r, θ, 

 according to Eq. (1), random aggregate can be obtained, 

as shown in Fig. 3. 

 

2.2 Aggregate release and model generation 
 

After the aggregates have been generated, database of 

aggregate was generated according to the gradation required 

by the project (Huang et al. 2015). In the actual production 

projects, aggregate is divided into continuous grade and 

single grain grade. Single grain grade is usually divided into 

four grades. In this article, aggregate was set as the one 

graded (The aggregate size of the one grade is 5-20 mm). 

The next step was to distribute the built aggregate model 

into the concrete frame (Abyaneh et al. 2013): (1) Create 

the geometric model in the APDL. (2) Put the generated 

aggregate into the geometric model and make the distance 

between two aggregates larger than the sum of the radius of  

them ( ( )
2

2 2

1 2 1 2 1 2 1 2

3
( ) ( ) ( ) (D D )

2
x x y y z z− + − + − +＞ , x1, 

y1, z1 is the central coordinate of aggregate 1; x2, y2, z2 is the  

  

 
Fig. 4 Concrete models with different aggregate volumes 

 

Table 1 Statistical results (one graded) 

Aggregate 

size 

(mm) 

Objective volume 

20% 

Objective volume 

40% 

Objective volume 

60% 

Actual 

number 

Placed 

volume 

ratio 

Actual 

number 

Placed 

volume 

ratio 

Actual 

number 

Placed 

volume 

ratio 

520 190 20% 436 40% 595 60% 

 

 

central coordinate of aggregate 2; D1 is the radius of 

aggregate 1, D2 is the radius of aggregate 2), so as to 

prevent the mutual invasion of aggregates and loss of the 

model accuracy. (3) Put aggregate according to the required 

volume fraction. Table 1 shows the statistical results of the 

release algorithm, and in this paper, the size of coarse 

aggregate was set as 5-20 mm. The final generated 3D 

aggregate model is shown in Fig. 4. (4) Import the 

generated concrete model into ABAQUS. 

 
 

3. Finite element analysis 
 

3.1 The simulation model 
 

The damage analysis of concrete under ultrasonic is a 

typical nonlinear process, usually accompanied by obvious 

softening stage (Tahmouresi et al. 2019, Liu 2009). 

However, the conventional implicit analysis method is 

difficult to effectively solve these problems, so the damage 

process of concrete under ultrasonic is solved by the 

explicit dynamics calculation (Zhou et al. 2016, Kwak 

2015, Kim et al. 2019, Liu 2009, Smith et al. 2014). In this 

paper, the damage plastic effect of 3D random aggregate 

concrete under ultrasonic dynamic loading was simulated 

under the Dynamic/Explicit module of ABAQUS. Three FE 

models of different sizes were adopted, which were cubes 

with side of 75 mm, 100 mm and 150 mm respectively. The  
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Fig. 5 Three-dimensional FE model of concrete 

 

 

Fig. 6 Broken tool structure 

 

 

FE model in Fig. 5 shows a model with side of 100 mm 

where the volume fraction of coarse aggregate is 40%, and 

the particle size is 5-20 mm. In order to save calculation 

time and retain calculation accuracy, the mesh size of coarse 

aggregate and cement mortar was set as 2 mm (Alexandre 

2013, Du et al. 2014). 

The setting of the boundary conditions is shown in Fig. 

5. Fixed constraints were applied at the bottom of the 3D 

concrete model and a static load was applied on the top 

surface of the concrete model. By applying the stress wave 

of ultrasonic on the red circular lattice area which use the 

broken tool as shown in Fig. 6, the simulation of the 

ultrasonic dynamic loading was carried out. Each phase 

adopted binding constraint to ensure the force transfer of 

each phase after the failure of the element. Ultrasonic 

loading of crushed concrete is a complex non-linear 

process. In order to better simulate this process, two steps 

were established under the Dynamic/Explicit module. The 

first static load was set as 5 MPa at the first step to 

complete pretension. The second step was loaded with 

ultrasonic dynamic loading, and the amplitude ranges from 

0 to 25 MPa. In the numerical simulation process, the 

amplitude curve of ultrasonic dynamic loading was defined 

as ultrasonic signal with a frequency of 20 kHz. 

 

3.2 Material model 
 
3.2.1 Concrete damage plastic constitutive model 
The concrete damage plastic model of ABAQUS 

proposed by Matzenmiller et al. (1995) was applied in this 

study, which is convenient for the damage study of concrete 

structures (Abdollahzadeh et al. 2016). 

The effective stress of damage is 

( )1 d = −  (2) 

 

 

Fig. 7 Curves of compressive stress and strain of concrete 

 

 

where 𝜎 is the effective stress, d is the damage factor, its 

value varies from 0 to 1, which represents the change from 

undamaged to failure. 

The relation between effective stress and elastic stress is 

as follows 

( )0

el plD  = −  (3) 

where 
0

elD is the undamaged initial stiffness of the 

material, 
pl  is the plastic strain. Scalar expression of 

stress-strain relation 

( ) ( )01 el pld D  = − −  (4) 

dc represents the stiffness degradation ratio of concrete 

under compression (Ganesan et al. 2013, Liu et al. 2019), 

and the uniaxial stress can be expressed as 

( ) 01 el

c cD d D= −  (5) 

According to Eq. (5) as well as Fig. 7, after the concrete 

is damaged, the initial unloading stiffness E0 is degraded 

into (1−dc)E0. 

 

3.2.2 The value of damage factor 
In order to expound the relationship between internal 

damage and stress in concrete, the parameter of damage 

factor-inelastic strain curve should be provided (Du et al. 

2014, Matzenmiller et al. 1995). The related parameters of 

damage factor can be calculated by energy equivalence 

principle. The elastic residual energy generated by stress on 

damaged materials and undamaged materials is in the same 

form, so the stress and the elastic modulus is changed to the 

equivalent stress and the equivalent elastic modulus 

respectively (Kim et al. 2013, Liang et al. 2017). 

Undamaged elastic residual energy 

2

0
02

eW
E


=  (6) 

Equivalent damage elastic residual energy 

2

2
ed

d

W
E


=  (7) 

And because 

( )1 d = −  (8) 
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Then Ed=E0(1−d)2 can be obtained, which can be further 

concluded as follows 

( )
2

0 1E d = −  (9) 

The calculation formula of uniaxial compression 

damage factor is as follows 

( ) ( )

( )

2

c a

2

c

1 3 2 2 1

1 1 1

c c

c

k x x x

d=

k x x x

  



  − + − + −  


  − − + 
 

  

             

(10) 

where x=ε/εc, ( )*

0/c c ck f E= . αa and αd are calculated 

from the stress-strain curve of concrete under uniaxial 

compression. According to Eq. (10), the damage factor 

required by ABAQUS damage plastic model can be 

calculated. 

 

3.2.3 Model parameters and test results 
The basic parameters of the model for cement mortar 

and coarse aggregate suggested by Liu (2009, 2016) was 

adopted and modified in this paper which is shown in Table 

2. The damage factor and parameters of concrete damage 

plastic model were calculated at the part 3.2.2. The linear 

elastic model was used to describe the stress-strain 

relationship because of the high strength and fracture 

energy of the aggregate and the concrete damage plastic 

 

 

 

 

model was used to describe the property of mortar due to its 

well non-linear characteristics (Asteris et al. 2019). 

The comparison results of concrete damage and 

simulation under ultrasonic loading is shown in Fig. 9, and 

the ultrasonic crushing unit is shown in Fig. 8. In the 

simulation, the size of the specimen, the volume fraction of 

coarse aggregate and the particle size were consistent with 

the experiment. It can be seen that the macroscopic failure 

of the experiment present partial or complete failure at the 

top of model, and the simulation results show the similar 
results. 

 

3.2.4 Validation of constitutive model 
The experimental and numerical simulation of concrete 

peak stress comparison is shown in Fig. 10. Ensure that the 

aggregate volume fraction of each model was 40%, and the 

coarse aggregate particle size was 5-20 mm. Experiments 

and numerical simulations measured the relationship 

between the peak stress of concrete under the same size 

model respectively. When the amplitude of ultrasonic peak 

stress is 3 MPa, 5 MPa, 10 MPa, 15 MPa, 20 MPa, 30 MPa 

respectively, the error of numerical simulation and 

experiment results of the same model are shown in Table 3. 

It can be seen that due to the difference of actual size of 

concrete and numerical simulation, there are inevitable 

errors in size and aggregate volume fraction. Therefore, the 

relative errors are more obvious when the loading force is  

Table 2 Model parameters 

Material 
Modulus of 

elasticity (GPa) 

Poisson's 

ratio 

Bulk density 

(t/m3) 

Expansion 

Angle () 

Flow potential 

offset () 
Constant tress ratio 

(Kc) 

Ratio of double and uniaxial 

compressive strength () 

aggregate 23 0.167 2.6     

mortar 10.66 0.2 2.1 35 0.1 0.667 1.16 

   
(a) Concrete crushing experiment results (b) Concrete damage simulation 

Fig. 9 The comparison of concrete crushing experiment and simulation 

 

Fig. 8 Ultrasonic crushing unit 

Ultrasonic transducer Pre-tightening device 

transducer 
Amplitude transformer 

Crushing head 
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Table 3 Data errors 

Size of 

concrete 

(mm) 

The error in numerical simulation 

and experiment results (%) 

3 MPa 5 MPa 10 MPa 15 MPa 20 MPa 30 MPa 

75×75×75 18.15 -18.66 -4. 56 5. 79 5.09 4.35 

100×100×100 -14.39 -11.66 -16.66 -9.72 3.12 -0.44 

150×150×150 -60.12 -43.22 -5.11 -0.08 -2.34 -5.36 

 

 

not so large; however, when loading force increases, the 

concrete stress state stabilizes gradually, resulting in a 

reduction in errors. According to the above discussion, the 

numerical simulation is in good coordinate with the 

experimental results, so the FE model and the selected 

model parameters established in this study are reliable and 

can be further utilized. 

 
 

 

Fig. 10 Comparison of peak stress of concrete: experiment 

versus numerical simulation results 

 
 
 

 
 

   
50s 150s 200s 

(a) 100 mm×100 mm×100 mm, 40%, 5-20 mm, P=5 MPa 

   
50s 150s 200s 

(b) 100 mm×100 mm×100 mm, 40%, 5-20 mm, P=15 MPa 

   
50s 150s 200s 

(c) 100 mm×100 mm×100 mm, 40%, 5-20 mm, P=30 MPa 

Fig. 11 Concrete damage process 
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4. Analysis of numerical simulation results 

 
4.1 Damage failure mode of concrete 
 
For ultrasonic concrete crushing specimens made of one 

graded aggregate, the relevant FE model was established. In 

the model, the size of concrete is a cube with side of 100 

mm. Besides, the content of coarse aggregate in the 

established model is 40%, which is the same as the 

designed experimental specimen, and the particle size of 

coarse aggregate is 5-20 mm as shown in Fig. 11. When the 

amplitude of ultrasonic stress reaches 5 MPa, due to the 

pre-pressure, only partial damage generates on the concrete 

surface without obvious changes. As well as the amplitude 

of ultrasonic is 15 MPa, the concrete damages obviously, 

and the damage area forms into thin strips and pieces. Since 

that the damage energy generated by ultrasonic is not 

enough to cause the damage of concrete before reaching the 

bottom, and then, part of the damage energy reflects back to 

the top of the specimen, which strengthens the stress and 

strain field at the top and promotes the generation and 

expansion of new damage zone. While, the damage area has 

become a integrated area when the amplitude is loaded to 

30 MPa. The damage starts from the incoming area of the 

ultrasonic superposition and spreads downward. It can be 

seen that under the same loading time, the larger the 

amplitude is, the more obvious the damage is.  

 

 

 

4.2 Influence of amplitude of ultrasonic stress 
 

The influence of ultrasonic stress with different 

specimens size is shown in Fig. 12, also the damage failure 

process of concrete with different aggregate volume and the 

influence of amplitude of ultrasonic on its peak stress are 

analyzed. It can be seen that, with the increase of the 

amplitude of ultrasonic stress, the peak stress of concrete 

increases gradually. While in the same model, the peak 

stress of the concrete model with 40% coarse aggregate 

volume fraction reaches the maximum value, and it is also 

applicable to different model size. Furthermore, it can be 

concluded that, with the increase of model size, the peak 

stress of concrete decreases, which has obvious size effect. 

 
4.3 Influence of volume fraction of coarse aggregate 

on concrete damage 
 

Considering the concrete specimens with different size 

as the simulation model, the effect of coarse aggregate 

volume fraction on concrete damage characteristics was 

analyzed under the terms of increasing amplitude. As shown 

in Fig. 13, the particle size of coarse aggregate is 

determined as 5-20 mm, and the volume fraction of coarse 

aggregate changes from 20% to 60%. With the increase of 

amplitude of ultrasonic stress, the damage value of concrete 

under dynamic loading gradually increases. As the volume  

   
(a) Cube with side of 75 mm (b) Cube with side of 100 mm (c) Cube with side of 150 mm 

Fig. 12 The relationship between peak stress of concrete and amplitude of ultrasonic stress 

   
(a) Cube with side of 75 mm (b) Cube with side of 100 mm (c) Cube with side of 150 mm 

Fig. 13 The relation between the volume fraction of coarse aggregate and concrete damage 
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fraction of coarse aggregate reaches 40%, the anti-damage 

ability is shown to be the best. Similarly, the horizontal 

comparison reveals that the damage value of concrete 

model decreases slowly with the increase of model size. 

 

4.4 Influence of volume fraction of coarse aggregate 
on concrete damage 
 

4.4.1 The minimum particle size of coarse aggregate 
In order to study the effect of the minimum particle size 

of coarse aggregate on concrete damage, the dynamic 

damage simulation was carried out on concrete specimen 

under the premise of ensuring the maximum particle size of 

coarse aggregate 40 mm, where the minimum particle size 

of coarse aggregate distributed within the range of 5-30 

mm. As is shown in Fig. 14, with the amplitude of 

ultrasonic stress increases, the damage value of concrete 

increases gradually. When the coarse aggregate particle size 

of the model is set as 5-40 mm, the capacity of damage 

resistance of concrete reaches the optimal. Therefore, it can 

be concluded that the minimum particle size will affect the 

dynamic damage performance of concrete. If the minimum 

particle size increases, the aggregate gradation quality in 

concrete will decrease, which will eventually lead to the 

decline in the internal strength of concrete and affect the 

damage resistance capacity of concrete. 

 

4.4.2 The minimum particle size of coarse aggregate 
This part will do the research on the influence of the 

 

 

 

maximum particle size of coarse aggregate on concrete 

damage. Under the condition of keeping the minimum 

particle size of coarse aggregate 5 mm unchanged, dynamic 

damage simulation was carried out on concrete specimen, 

and the maximum particle size distribution of coarse 

aggregate was in the range of 20-40 mm. As can be seen 

from Fig. 15, the damage value of concrete increases with 

the increase of ultrasonic stress amplitude. When the coarse 

aggregate size distributes in the range of 5-40 mm, the 

damage to concrete reaches the largest value. Meanwhile, 

concrete models with aggregate size of 5-20 mm have the 

strongest damage resistance ability. It shows that the 

maximum particle size of coarse aggregate will affect the 

dynamic damage behavior of concrete. With the maximum 

particle size of aggregate increasing gradually, the 

instability of concrete internal gradation increases which 

leads to the decline in the interior performance of concrete 

and anti-damage ability. 

 

 

5. Conclusions 
 

The dynamic damage process of concrete has been 

studied by the testing of ultrasonic concrete crushing and a 

three-dimensional random aggregate concrete model was 

adopted. The effects of different amplitudes of ultrasonic 

stress and the coarse aggregate particle size, as well as, 

coarse aggregate volume fraction were investigated. The 

conclusions are as follow: 

   
(a) Cube with side of 75 mm (b) Cube with side of 100 mm (c) Cube with side of 150 mm 

Fig. 14 The relation between the minimum particle size of concrete coarse aggregate and concrete damage 

   
(a) Cube with side of 75 mm (b) Cube with side of 100 mm (c) Cube with side of 150 mm 

Fig. 15 The relation between the maximum particle size of concrete coarse aggregate and concrete damage 
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• The ultrasonic dynamic loading is better than the static 

load. With the increase of amplitude of ultrasonic stress, 

the concrete interior stress increases and the damage 

process accumulates gradually. It is clear that the model 

size directly affects the peak stress of the concrete, and 

the larger the size, the lower the peak stress. At the same 

time, the peak stress of concrete with a volume fraction 

of 40% reached the maximum value, which prove an 

important size effect. 

• In the concrete random aggregate model generated by 

APDL, concrete damage accumulates gradually over 

time. When the fraction of coarse aggregate reaches 

40%, it has the best anti-damage ability and its internal 

stress performance becomes more stable. 

• The experiment and simulation results showed that the 

maximum and minimum particle size of coarse 

aggregate affect the damage resistance of concrete. 

When the maximum particle size of coarse aggregate 

increases gradually, concrete is more vulnerable to 

damage. 
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