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1. Introduction 
 

Many hydraulic concrete structures were served in 

under-water environment for years, the moisture content of 

which is different from the common used concrete 

structures in inland area. The change of moisture content of 

hydraulic structures has a great influence on static 

mechanical characteristics, such as concrete strength 

(Bartlett and MacGregor 1994, Ross et al. 1996, Shen and 

Xu 2019), modulus of elasticity (Liu et al. 2014) and 

cracking process (Rossi and Boulay 1990, Rossi 1991). 

Considering the fact that dynamic properties of concrete 

structures are related to static mechanical characteristics 

(Rossi et al. 1992, Chopra 2012), the change of moisture 

content has a great influence on energy dissipation behavior 

under dynamic load.  

Damping is an important dynamic property indicating 

the energy dissipation capacity of a structure during 

vibration (Chopra 2012). The dissipated energy of concrete 

structure is greatly influenced by damping and increases 

with the increase of the damping. Considering the 

dissipated energy of concrete structure is influenced by 

many factors, material damping of concrete is an indicator 
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which takes no account of structural factors. Research on 

the influence of moisture content on material damping 

behavior is of great importance from the optimization 

perspective of concrete mix design or working conditions. 

Firstly, some researchers found that the damping and energy 

dissipation capacity of concrete is increased by 

incorporating silica powder or viscoelastic additives, such 

as styrene-butadiene latex, rubber power, recycled tires and 

calcium carbonate particles (Bowland 2011). Also, the 

damping and energy dissipation property is influenced by 

the aggregates used in concrete mix, such as recycled 

aggregate (Liang et al. 2015, Liang et al. 2016, Li et al. 

2018, Li and Xiao 2021).  

Except for material conditions, the energy dissipation 

property of concrete is apparently influenced by load 

conditions, such as load frequency, load level. Wang and Li 

(2013) studied the influence of cyclic stress range, concrete 

strength and steel ratio on the energy dissipation properties 

of FRP columns. Mei et al. (2018) studied the relationship 

between concrete damping and stress amplitude of concrete 

with a viscoelastic model. Wang et al. (2019) proposed a 

nonlinear damping and responses for recycled aggregate 

concrete frame under earthquake loading with shaking table 

tests. Zhang et al. (2020) established a nonlinear damping 

model with different load indexes with cyclic uniaxial 

compression test, such as stress range, strain range and 

stress level. Researchers also studied the loading rate-

dependent damping properties from viscoelastic perspective 

(Mei and Wang 2020, Zhang et al. 2020).  

Many studies have shown that moisture content has a 

significant impact on the microstructure and mechanical 

properties of concrete (Davis and Troxell 1929, Johnston 
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1967, Shoukry 2011, Liu et al. 2014), which will change the 

dynamic characteristics and the seismic performance of 

concrete structures during the vibration. However, it can be 

seen that most of the researches on damping of concrete are 

mainly focus on the structural or material damping, which 

did not take into account the effect of working moisture 

content. Limit research related to the influence of moisture 

content on dynamic mechanical properties of concrete is 

available. Swamy and Rigby (1971) studied the effect of 

drying on damping property of cementitious materials and 

established the damping equations in both the saturated and 

dry state. But the research conducted by Swamy and Rigby 

failed to consider the damping behavior under different 

moisture contents and corresponding analytical model was 

not considered. Rashetnia et al. (2020) conducted half-

power bandwidth test with different moisture conditioning 

for asphalt concrete. But the research was focus on natural 

frequency and dynamic elastic modulus, which failed to 

analyze the damping property. It can be seen that research 

related to the influence of moisture content on concrete 

damping and energy dissipation properties is still need 

further investigation. 

In this research, the effect of moisture content on 

damping and energy dissipation behavior of concrete is 

analyzed. Firstly, different moisture contents were 

considered and cyclic uniaxial compression test was 

conducted to study energy dissipation behavior considering 

different moisture contents. Then based on hysteretic loop 

analysis under cyclic compression, moisture-related loss 

factor and dissipated energy model were established. 

Furthermore, to consider the influence of cyclic stress level, 

moisture-related energy dissipation coefficient was 

investigated. Mechanism of moisture-related damping was 

also analyzed. Finally, the proposed moisture-related loss 

factor and energy dissipation model were verified by 

experimental data in published literature. 

 

 

2. Materials and experimental program 
 

2.1 Materials and specimen details 
 

The cement used in this experiment was grade 42.5 

ordinary Portland Cement which was produced in the Lima 

cement plant of China. Natural coarse aggregate was 

limestone with the apparent density of 2660 kg/m3 and 

maximum size of 26.5 mm. The fine aggregate was river 

sand with the fineness modulus of 2.68. Fly ash and JK-05 

pumping admixture were also used.  

The strength grade of the concrete used in in this 

experiment reached C30, and the concrete mix was 

1:0.57:2.61:3.46:0.03:0.29 (cement: water: fine aggregate: 

coarse aggregate: JK-05 pumping admixture: fly ash). The 

specimens were cured under the standard conditions with a 

temperature of 20±2°C and RH>95%. 

 

2.2 Moisture content and mechanical property 
 

Five moisture contents were considered in cyclic 

uniaxial compression test, namely C1, C2, C3, C4 and C5,  

Table 1 Moisture content and mechanical property 

No. 

Mass after 

oven dry 

m0/g 

Mass after 

immersion 

m1/g 

Moisture 

content 

𝜌/% 

Compressive 

strength 

MPa 

Modulus of 

elasticity 

MPa 

C1 7.290 - 0 52.81 25802 

C2 7.286 7.337 0.70 40.40 27190 

C3 7.323 7.440 1.60 47.30 28974 

C4 7.358 7.564 2.80 43.16 31352 

C5 7.344 7.603 3.53 40.64 32800 

 

 

as shown in Table 1. All the specimens were placed into the 

electric thermostat blast drying box with the temperature of 

45°C until the mass no longer changed, which could be 

considered as oven dry condition and the moisture was 0%. 

The mass of oven dry specimens was recorded as m0. The 

specimens of C2, C3, C4 and C5 were put into a plastic tank 

for different immersion times. The mass after immersion 

was recorded as m1. The moisture content ρ was calculated 

by ρ=(m1−m0)/m0. 

Considering that the material and concrete mix used in 

this experiment were the same batch as Liu et al. (2014), 

the compressive strength and modulus of elasticity against 

different moisture contents could be obtained based on the 

relationships among moisture content, compressive strength 

and modulus of elasticity given by Liu et al. (2014). The 

results of compressive strength and modulus of elasticity 

were shown in Table 1. 

 

2.3 Test setup 
 

The electric-hydraulic servo multi-function testing 

machine was used for cyclic uniaxial compression test with 

the load capacity of ±500 kN, which is shown in Fig. 1(a)-

(b).  

The prism specimens were 100×100×300 mm (Mei et 

al. 2018, Zhang et al. 2020). The axial displacement was 

obtained by laser displacement sensor and strain gages, and 

the axial force was obtained by the force transducer. The 

uniaxial compressive force-displacement hysteretic loop 

could be measured by the axial force and displacement, 

which could be used for the calculation of material energy 

dissipation of concrete. 

 

2.4 Loading scheme 
 

The loading program in this experiment were sinusoidal 

load with 30 cycles and load circular frequency ω of 1 Hz. 

As shown in Fig. 2, the sine wave was 𝐹𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐹 +

0.5𝛥𝐹 ⋅ sin(𝜔𝑡) where ω was load circular frequency, 𝐹 

was the mean loading force, and ∆𝐹 was the cyclic loading 

force amplitude. 

In order to ensure that the specimens were loaded in the 

elastic range, the mean loading force 𝐹 was 100 kN, and the 

cyclic loading force amplitude ∆𝐹 was 150 kN according to 

the compressive strength with different moisture contents. 

 

 

3. Experimental results and discussion 
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Fig. 2 Loading scheme 

 
 

3.1 Effect of moisture content on the energy 
dissipation property 

 

The experimental hysteresis loop of concrete specimens 

is shown in Fig. 3(a)-(c). With the increase of moisture 

content, the hysteretic loop of concrete materials tended to 

be fatter, indicating that the energy dissipation capacity of 

concrete increased with the increase of moisture content. 

The residual deformation of the first hysteresis loop of each 

group of concrete is the largest, and tends to increase with 

the increasing of moisture content. Obvious fatter effect and 

residual deformation can be observed in C5 specimen, 

which has the highest moisture content. 

Fig. 4 shows the calculating results of the area of each 

hysteresis loop by numerical integral method. It can be seen 

that with the increase of moisture content, the area of first 

hysteretic loop in each group increased. For the C5 

specimen which has the highest moisture content, the area 

of first loop is twice as much as that of the dry condition. 

The area of the first ten cycles of C5 specimen is 

significantly higher than the corresponding hysteresis loop 

of other moisture contents, which is not distinct in other 

moisture conditions. The discrepancy of area for each 

specimen is tend be smaller as the cycle number increases. 

 

 
(a) C1 specimen with the moisture content of 0% 

 
(b) C3 specimen with the moisture content of 1.60% 

Fig. 3 Experimental hysteretic loops with different moisture 

contents 

 

 

Nonlinear regression analysis is used to analyze the 

mean value and standard deviation of the area of hysteresis 

loop of each concrete group, as shown in Fig. 5. With the 

increase of moisture content, the average value and standard 

deviation of the area of hysteretic loop each group are 

increased, along with the greater data variation, fatter 

hysteretic loops and better energy dissipation capacity. 

 

  

 

 (a) Electric-hydraulic servo multi-function testing machine (b) The prism specimen  

Fig. 1 Test setup 
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(c) C5 specimen with the moisture content of 3.53% 

Fig. 3 Continued 

 

 

Fig. 4 Area of the hysteretic loops 

 

 

Fig. 5 Mean value and standard deviation of the areas of the 

hysteretic loops 

 

 

3.2 Moisture-related loss factor 
 

Fig. 6 shows the stress-strain relationship of concrete 

under cyclic uniaxial compression. The specific damping 

capacity, ψ, is defined as the ratio of cyclic dissipated 

energy ΔU and cyclic strain energy U, which is calculated 

by  

 
/ 4

ABCD

ACE

SU

U S



= =                 (1) 

 

Fig. 6 Diagram of hysteresis loop 

 

Table 2 Loss factor of concrete with different moisture 

contents 

No. U/mJ ΔU/mJ η 

C1 133.80 1720.53 0.0495 

C2 135.24 1624.95 0.0530 

C3 140.85 1624.88 0.0552 

C4 148.22 1624.88 0.0581 

C5 174.45 1686.94 0.0658 

 

 

The loss factor η which indicates the damping capacity 

of concrete is calculated by 

 2

2

ABCD

ACE

S

S




 
= =                  (2) 

In this experiment, applied force-displacement 

hysteretic loop is used instead of stress-strain relationship. 

The calculation of loss factor takes the following form 

 
4

2

ABCDS

F




  
= =

 
              (3) 

where ΔF is the cyclic loading force amplitude given in kN 

and Δv is the cyclic displacement amplitude given in mm. 

For the reason that the higher moisture content comes 

with greater data variation, the cyclic dissipated energy ΔU 

and cyclic strain energy U are calculated by the areas of 

hysteresis loops with 30 cycles. The loss factors of concrete 

with different moisture contents are shown in Table 2. 

Fig. 7(a)-(b) indicates the relations between the moisture 

content and dissipated energy, loss factor, respectively. 

With the increase of moisture content, the dissipated energy 

and loss factor of concrete are increased. For dissipated 

energy, it is slowly increased in the early stage of 

immersion and relatively fast in the late stage of immersion, 

and the loss factor is increased with linear relationship. In 

the range of 0%~3.5% moisture content, the dissipation 

capacity of concrete materials was increased by 30%, and 

the loss factor is increased by 33%. 

The relations between the moisture content ρ given by 

% and dissipated energy ∆U given by J, loss factor, 

respectively, are fitted and take the following regression 

equation. 
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(a) Dissipated energy 

 
(b) Loss factor 

Fig. 7 Relationship between dissipated energy dissipation 

property and moisture content 

 

 
24.5266 5.8756 135.51U   = − +  

2 0.9400R =                (4) 

20.0007 0.0015 0.0504  = + +  

 2 0.9445R =                (5) 

The dissipated energy in this paper is calculated based 

on the size of 100×100×300 mm specimen. The energy 

dissipation per unit volume of the concrete could be 

obtained by dividing the dissipated energy ∆U by the 

volume of specimen (0.003m3). The formula between 

energy dissipation factor per unit volume ∆U′ given by J 

and moisture content ρ given by % takes the following 

form. 

2' 1508.9 1958.5 45171U   = − +  
2 0.9400R =              (6) 

It can be seen that the quadratic polynomial fitting result 

is of high precision, which can be used for practical 

calculation. According to the relation curve between 

moisture content and immersion time given by Liu (2014), 

the common used saturated moisture content of the concrete 

specimen used in this experiment is about 4%. 

 

3.3 Moisture-related energy dissipation behavior with 
different stress levels 

The dissipated energy is not only affected by moisture 

content, but also influenced by applied cyclic load. Lazan 

(1968) found that there was a nonlinear relationship 

between the maximum stress amplitude and the energy 

dissipation per unit volume for different materials, which 

could be expressed as 

 n

aW J =                 (7) 

where ΔW is the energy dissipated by damping per unit 

volume of material in one vibration period given by mJ, J is 

the energy dissipation coefficient which indicated the 

natural damping characteristic of materials, σa is the 

maximum stress amplitude given by MPa and n is the 

energy dissipation index. To evaluate the moisture-related 

energy dissipation behavior under different cyclic load 

levels, energy dissipation coefficient is analyzed. 

Considering a harmonic load condition 

(cos sin ) i t

a at i t e     = + =  is subjected to the system. 

Because of the viscoelastic properties of concrete, the 

expression of strain can be expressed by ( )i t

ae
   −= , 

where σa is the stress amplitude given in MPa, εa is the 

strain amplitude given in με, ω is the load frequency, φ is 

the phase lag. 

The dynamic modulus E* of concrete, which indicates 

the phase lag between stain and stress, could be expressed 

as  

*

( )
cos sin

i t

a a a

i t

a a a

e
E i

e



 

  
 

   −
= = = +

 

(8) 

With the definition of the storage modulus E′ as 

cosa

a





 and the loss modulus E′′ as sina

a





, the loss 

factor of concrete η also can be expressed as  

''

'

E

E
 =                     (9) 

Substituting Eq. (9) into Eq. (8), the equation is 

expressed as 

* '(1 )E E i= +                 (10) 

The relation between σa, εa and η can be established with 

the combination of Eqs. (8)-(10), which can be expressed as 

2' 1a

a

E E





= = +               (11) 

where 
0

0

E



=  is the modulus of elasticity. 

The strain energy ∆W with the maximum strain range is 

2'1
'

2 2

a
a a

E
W E


 =   =           (12) 

Substituting Eq. (8) and Eq. (11) into 
2 2

U W

U W


 

 
= = , 

the loss factor with maximum strain range can be expressed 

as 

2'

n

a

a

J

E




 
=                  (13) 
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Substituting Eq. (11), which indicates the relation 

between stress range and strain range, into Eq. (13), and 

considering the modulus of elasticity E instead of storage 

modulus E′, the energy dissipation coefficient J of concrete 

versus stress range σa and strain range εa can be calculated 

as 

 2

2 1 2
( )

(1 )

n

a aJ
E

 
 



−=
+

          (14) 

2

2 1 2 1
( )

(1 )

n

a an
J

E

 
 



−

−
=

+
         (15) 

If both strain range εa and stress range σa are used to 

express the strain energy ∆W, the strain energy can be 

expressed as 

 
2

2 2''(1 ) n n

a a

JEJE 
  

 

− −+
= =        (16) 

where E′a is the storage modulus versus stress range σa. 

Then, the storage modulus versus stress range E′a and the 

storage modulus versus strain range E′ can be expressed as 

'E  = 2'(1 )E +               (17) 

The plastic deformation can be ignored in the range of 

40% ultimate strength, and considered as elastic material. 

Considered that the stress range of the test in this paper is in 

the range of 2.5 MPa and 17.5 MPa, it could be considered 

that the concrete material is in the elastic stage. The stress 

range σa has little influence on the energy dissipation 

coefficient J and loss factor η of concrete materials, 

indicating that the energy dissipation index n can be set as 

2.  

Substituting the formula given by Liu (2014) which 

indicates the relationship between elasticity modulus E of 

concrete and moisture contents and Eq. (6) into Eq. (14), 

the moisture-related energy dissipation coefficient can be 

described by the equation as 

2

2 2 1 2

0.0007 0.0015 0.0504

(1 (0.0007 0.0015 0.0504) ) 1982.3 25802
J

  

  

+ +
=

+ + + +
 

(18) 

Fig. 8 shows the energy dissipation coefficient with the 

moisture content range of 0%-4%. Moisture-related energy 

dissipation coefficient shows a different tendency from 

moisture-related dissipated energy. With the increase of 

moisture content, the energy dissipation coefficient of 

concrete decreases first and then increases. In the moisture 

content range of 1%-1.5%, the energy dissipation 

coefficient of concrete material is firstly decreased, with the 

minimum value of 5.90 MPa-1 at 1.5% moisture content, 

and then increases to the maximum value of 6.27 MPa-1 in 

the range of 1.5%-4% moisture content. From Eqs. (14)-

(15), the energy dissipation coefficient and the modulus of 

elasticity has a different relationship. 

At the beginning of immersion, the water has not 

penetrated completely into the concrete, the modulus of 

elasticity of concrete is increased, leading to the decreasing 

of energy dissipation coefficient. When water has fully 

penetrated into the concrete, although it is still in the elastic 

 

Fig. 8 Relationship between energy dissipation coefficient 

and moisture content 

 

 

stage, the interior micro-cracks of concrete gradually 

expanded. The friction between interfacial micro-cracks is 

the main factor, leading to the increase of the energy 

dissipation coefficient under the cyclic load. 

 

3.4 Mechanism of moisture-related damping property 
of concrete 

 

Moisture content has a significant effect on damping 

energy dissipation of concrete materials. Concrete is a kind 

of multiphase nonhomogeneous mixture, consisting with 

solid particles, hardened cement pastes and initial defects, 

the mechanical properties of which are highly influenced by 

environmental conditions. The solid particles include coarse 

aggregates, the non-hydrated cement paste and contaminant. 

The hardened cement pastes include fine aggregates, 

cement, water and interfacial transition zones (ITZ) after 

hydration reaction. 

Therefore, as a composite material, concrete has a high 

variation of mechanical properties, complex mechanism of 

vibration damping energy dissipation. The damping and 

energy dissipation behavior is affected by different 

influencing factors, including mix composition, load 

condition and working condition. The change of which can 

be contributed to the change of internal microstructures of 

concrete (Chung 2003, Gu et al. 2007). 

When vibration load is applied on coarse aggregate and 

mortar, the transmission of vibration energy in cement 

matrix encounters coarse aggregate and pore structures, 

which leads to plastic slip or dislocation motion at 

interfacial transition zones. As for the saturated concrete, 

water is penetrated into the pore structure, giving a reactive 

force to coarse aggregate and cement paste when encounters 

the dislocation or slippage. This phenomenon will produce 

an internal material damping effect to dissipate part of the 

vibration energy. 

Micro-cracks and pore structures are existed in concrete 

before the load is applied. The ITZ structures consisting 

with micro-cracks, pore structures and calcium hydroxide 

crystals, are located between coarse aggregate and cement 

stone, which play an important role in the stress-strain 

relationship of concrete. Moisture gradient is developed in 

the internal of concrete by the change of environmental 
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moisture content. The moisture gradient will affect the 

speed of the cement hydration and moisture evaporation, 

producing a corresponding stress field and deformation 

field, accelerating the development of the internal micro-

cracks and leading to the formation of macroscopic crack 

on the concrete surface. The closure, expansion, slip and 

friction between the matrix and ITZ structures will cause 

energy dissipation. One the other hand, many studies have 

shown that the strength of concrete decreases with the 

increase of moisture content, for the reason that the pore 

water pressure in the concrete reduces the friction resistance 

of concrete cracking and accelerates the expansion of the 

micro cracks and concrete damage (Wang and Li 2007). 

Sliding among the interface during vibration causes greater 

the energy dissipation. 

In addition, the free water in concrete moves after being 

vibrated and causes friction with the solid phase of matrix 

to dissipate part of vibration energy. At the same time, as a 

viscoelastic material, gel water is also conducive to improve 

the damping capacity of concrete, and the adsorbed water in 

C-S-H gel in saturated cement paste can also increase the 

energy dissipation of the material. 

 

3.5 Validation of moisture-related damping and 
energy dissipation behavior 

 

Although the published literature related to both 

moisture content and cyclic uniaxial compression behavior 

is limited, several cyclic uniaxial test results have been 

considered to compare with proposed moisture-related 

damping and energy dissipation model for validation 

purpose (Suaris et al. 1990, Bahn and Hsu 1998, Sima et al. 

2008, Sadowski and Pietras 2014, Breccolotti et al. 2015, 

Neuenschwander et al. 2016, Hu et al. 2018). The loss 

factor and energy dissipation coefficient can be obtained 

with the aforementioned method. Except for the studies 

conducted by Sadowski and Pietras (2014), and 

Neuenschwander et al. (2016), the experiments used for 

validation purpose were conducted in laboratory 

environment and the test specimens were in air dry 

condition. Considering the relative humidity of air dry 

specimens is ranging from 0.64-0.76 (Zhang et al. 2016) 

and the maximum moisture content of concrete specimen is 

 

 

usually 4.13% (Tan et al. 2019), the moisture content of air 

dry specimens is set as 2.88%±0.25%. it’s worth noting that 

higher maximum moisture content is also observed by 

Sadowski and Pietras (2014). Considering the limited 

number of related studies, higher moisture content is also 

considered in the validation process. The validation result 

of moisture-related damping and energy dissipation 

behavior is shown in Fig. 9. 

It can be seen that the present moisture-related damping 

model shows satisfactory agreement with the published 

experimental results. When it comes to energy dissipation 

coefficient, higher variation is observed with different 

moisture contents. The reason is that energy dissipation 

capacity of concrete is not only depended on moisture 

content, but also modulus of elasticity, which will increase 

the uncertainty of the results. 

 

 

4. Conclusions 
 

In this research, the moisture-related loss factor and 

energy dissipation factor coefficient model has been 

established based on experimental research and Lazan’s 

stress-related damping theory. The following conclusions 

from the executed research work can be summarized as 

follows: 

• The fatter the hysteretic loop of cyclic uniaxial 

compression is with the increase of moisture content, 

indicating the increase of energy dissipation capacity of 

concrete. 

• Quadratic polynomial function relation is found 

between the loss factor of concrete and the moisture 

content, which can be potentially used in the energy 

dissipation calculation of actual structure. 

• The damping property is not only related to the 

moisture content, but also related to the cyclic stress 

level. 

• The moisture-related material dissipation coefficient 

formula is obtained based on the Lazan’s theory and the 

complex damping theory, which decreases first and then 

increases with the increase of moisture content.   

• The mechanism of the influence of moisture content 

on the damping energy dissipation can be divided into 

  
(a) Moisture-related loss factor (b) Moisture-related energy dissipation coefficient 

Fig. 9 Validation of moisture-related damping and energy dissipation behavior 
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the reactive force of water to coarse aggregate and 

cement paste when encounters the dislocation or 

slippage, the development of the internal micro cracks 

caused by the moisture gradient and the pore water 

pressure, and the friction between free water and solid 

matrix, and the viscoelasticity of gel water. 
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