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Fig. 2: Comparison of experimental data with Wilson et al.[8] technique 

 
Fig. 3: Comparison of experimental data with particle strain-rate based method 

 Figure 4 compares experiments to predictions in the plot using the general equations 
(Equations 2-3). The plot confirms a validity of the Stokes law and hence the presence of the 
laminar regime in the entire range of measured settling conditions. This is consistent with our 
visual observations which did not recognize any wakes developed behind the settling particles.  
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CONCLUSIONS 

 Our experimental investigation on laminar settling of glass beads in visco-plastic liquids 
reveals that the experimentally obtained terminal settling velocities can deviate from those 
predicted by the Wilson et al. [8] method with more than 30 per cent. 

 Overall accuracy of a prediction significantly improves in case that an alternative particle 
strain-rate based method is used for determining of the equivalent viscosity associated with 
shearing due to particle settling. On the other hand, the use of the particle strain-rate method 
makes the prediction of the terminal settling velocity an implicit procedure while the Wilson et al.[8] 
method is direct. 

 In the future work, the promising predictive ability of the particle-strain-rate-based method 
should be confirmed by comparing with a larger number of experimental data in the laminar 
regime. The method should be tested also in the transitional regime associated with higher values 
of particle Reynolds number. 
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ABSTRACT 

This paper presents a calculation method for predicting the ultimate loading capacity of 
continuous composite slabs. Only the small scale slide block test was needed to determine few 
mechanical parameters, and less cost had to be paid, in comparison to the conventional m-k 
method. Various load conditions and parameters were considered. Comparisons between test 
results and predicted results have shown that the proposed method has enough precision. 
Furthermore, the simplified method was also proposed for practical design. 
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1. INTRODUCTION 

Composite slabs with profiled steel sheet have been widely used in practical structures 
since the 60's of the last century. In practice, compared with conventional reinforced concrete 
slabs, composite slabs have major advantages: no formworks and fewer scaffolds, higher loading 
capacity, lighter weight and faster construction speed. Furthermore, due to the composite action 
created by the bond and mechanical occlusion on the interface between the concrete and profiled 
steel sheet, the material strength of composite slabs can be fully utilized.  

 
Fig. 1: Continuous composite floor with profiled steel sheet 

Nowadays, there are many studies   available about the simply supported composite slabs 
with single span [1 - 5], including experimental studies, theoretical models and design methods. 
However, as shown in Fig.1, continuous slabs often exist in practical structures, and some tests 
have been already carried out [6, 7], showing that the loading capacity of continuous composite 
slabs was much higher than that of simply supported slabs. Then the regression method, called m-
k method, has been used for calculating the ultimate loading capacity of continuous composite 
slabs. In order to apply the m-k method shown in Fig.2, a large number of tests on full-scale slab 
specimens must be carried out by changing the geometrical dimensions and material strength 
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levels and to determine the relation between the ultimate loading capacity versus various 
geometrical and material parameters of continuous composite slabs. Therefore, the high cost must 
be paid for obtaining the regression equation of composite slabs with various types of profiled steel 
sheet. 

 
Fig. 2: m-k method for determining ultimate loading capacity of composite slabs 

As shown in Fig.3, there are mainly four failure modes of composite slabs with profiled steel 
sheet [8]: (1) Flexure failure: at mid-span, the section of the profile steel sheet yield, and then the 
concrete crush, but the longitudinal interface between the steel sheet and concrete keeps good 
condition and little slip can be observed nearing the support. (2) Longitudinal shear failure: large 
slip exists on the interface, but the section at mid-span does not yield. (3) Vertical shear failure: 
when the ratio of the span to the height of the slab is relative small, the diagonal crack will appear 
near the support, similar to the shear failure mode of conventional reinforced concrete slabs. (4) 
Punching shear failure: when the thin slab bears heavy concentrated load, the cone shaped 
cracking occurs near the load point.  

 
Fig. 3: Failure modes of composite slab 

From the test results available now, it can be found that the flexure failure and longitudinal 
shear failure were the most common failure modes of composite slabs with steel sheet. Johnson 
has proposed simplified equations for calculating the ultimate capacity of composite slabs with 
vertical shear failure and punching shear failure modes [9], and the flexural capacity of the 
continuous composite slab can be directly obtained by the plastic equilibrium conditions on the 
section. Therefore, the method for calculating the longitudinal shear capacity of the continuous 
composite slab needed to be studied. 

In this paper, a new theoretical model was developed for predicting the ultimate loading 
capacity of continuous composite slabs with profiled steel sheet, and the test validation was also 
made, in order to investigate the precision of the theoretical model. Finally, the simplified design 
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methods were proposed for calculating the ultimate loading capacity of continuous composite slabs 
with profiled steel sheet in practice. 

2.  THEORETICAL MODEL 

Firstly, in order to simplify the expression formulas in theoretical derivation, the section of 
the profiled steel sheet was equivalent to an I-shape section. As shown in Fig.4, the width and the 
thickness of the flange and the height of the web plate of the I-shape section were equal to the 

section of the profiled steel sheet, and the thickness of the web plate tw=2t/cos�D, where t was the 

thickness of the profiled steel sheet, and �D was the inclining angle of the web of the profiled steel 
sheet. 

 
Fig. 4: Simplification for composite section 

2.1  Mu-Tu relation 

As illustrated in Fig.5, at ultimate state, the relation between the ultimate flexural capacity 
Mu of the section and the tensile force Tu of the profiled steel sheet could be determined by the slip 

strain �Hr on the interface. The Mu versus Tu relation had been assumed to be linear by Patrick [10]. 
However, the conclusions in the reference [3] indicated that the linear assumption of the Mu versus 
Tu relation would underestimate the longitudinal shear capacity of composite slabs with profiled 
steel sheet. Therefore, the Mu versus Tu relation should be discussed in detail.  

Fig.5 showed three typical strain and stress distribution state of the composite section, 
corresponding to different shear connection degrees. When there was no composite action on the 
interface (Fig.5a), the concrete and steel sheet resisted the bending moment alone, and no axial 
force existed on the pure concrete section and the pure steel sheet section. If the concrete and 
steel sheet were completely composed (Fig.5c), there would be no slip on the interface, so the 
ultimate flexure loading capacity could be achieved. However, as shown in Fig.5b, in general, the 
slip often existed between the steel sheet and concrete, especially for slabs with longitudinal failure 
modes, so the theoretical model for calculating the ultimate loading capacity of continuous 
composite slabs should be established. 

 

     ���D�����Q�R���F�R�P�S�R�V�L�W�H�����0r�. ���’ )                (b) general state       ���F�����F�R�P�S�O�H�W�H�O�\���F�R�P�S�R�V�L�W�H�����0r=0) 

Fig. 5: Strain and stress distribution on section �Äsagging moment and full plasticity state�Å 
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According to the axial force equilibrium condition on the section, the equation could be 
obtained as: 

1

y w s 2 y 2 c 1 c y 1 y w 20
( 2 ) ( )d ( )

y
f t h t y f b t f by f b y y f b t f t y t�� �� �� � �� �� �� ���³   (1) 

where fy was the yield strength of the steel and fc was the compressive strength of the 
concrete. y1 and y2 were the height of the compressive zone of concrete and steel sheet 
respectively. b(y) was the width of the concrete section below the top flange of the steel sheet. 

Then the equations for calculating Mu and Tu could be expressed as: 
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Introducing equation (1) into equation (2), the parametric equation group about Mu and Tu 

with single parameter y2 could be obtained. It could be observed that the tensile force Tu of the 
profiled steel sheet had a linear relation with y2 and the ultimate flexural capacity Mu of the section 
had a parabolic relation with y2, so there was parabolic relation between Mu and Tu, which was 
plotted in Fig.6. 

 
Fig. 6: Relation between Mu and Tu 

As shown in Fig.5, there were totally two mechanical boundary conditions: 

 �������� �Z�K�H�Q�� �W�K�H�� �V�O�L�S�� �V�W�U�D�L�Q�� �0r equalled to zero, the tensile force Tu of the profiled steel sheet 
was equivalent to its upper limit Tp, and the ultimate flexural capacity Mu of the section was 
equivalent to its upper limit M p.  

���������Z�K�H�Q���W�K�H�U�H���Z�D�V���Q�R���E�R�Q�G���E�H�W�Z�H�H�Q���W�K�H���S�U�R�I�L�O�H�G���V�W�H�H�O���V�K�H�H�W���D�Q�G���F�R�Q�F�U�H�W�H�����0r approaching 
infinite), the profile steel sheet was at pure bending state, so the tensile force Tu of the profiled 
steel sheet was equivalent to zero, and Mu =Ms, where Ms was the flexural capacity of the pure 
section of the profiled steel sheet.  

 Based on a large number of numerical calculations, the Mu versus Tu relation could be 
obtained, as shown in Fig.6. Furthermore, the Mu versus Tu relation could be simply expressed as:  
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where the equations for calculating Ms and Mp could be expressed as: 

    s y pM f W�                                   (4) 

     p y p p y p c( 0.5 / )M f A h e f A f b� �� ��                  (5) 

where Wp and Ap were the plastic moment and the section area of the profiled steel sheet, 
ep was the distance from the bottom of the slab to the plastic neutral axis of the profiled steel 
sheet. 

After the Mu versus Tu relation was obtained, the ultimate tensile force Tu of the profiled 
steel sheet section should be determined. In continuous slabs, as shown in Fig.7, the longitudinal 
shear failure surface might appear in two segments along the span: the segment A between the 
inflection point of the bending moment diagram and the load point, and the segment B between the 
side bearing and the load point. According to the force equilibrium condition, the ultimate tensile 
force Tu of the profiled steel sheet section was equivalent to the longitudinal shear force on the 
interface between the profiled steel sheet and concrete.  

 

 
Fig. 7: Mechanical state of continuous composite slab at ultimate state 

 

As shown in Fig.7, when the longitudinal interface of the segment A failed, the ultimate 
tensile force Tu of the section of the profiled steel sheet could be calculated as: 

u,A u p y pT bx T f A�W� �d �      (6) 

where �Wu was the shear strength of the interface between the profiled steel sheet and 
concrete, which could be calculated as [10]: 

u c 'f� W � Q�          (7) 

where fc�¶���Z�D�V���W�K�H���F�\�O�L�Q�G�H�U���F�R�P�S�U�H�V�V�L�Y�H���V�W�U�H�Q�J�W�K���R�I���W�K�H���F�R�Q�F�U�H�W�H�����Q was the bond coefficient 
of the interface determined by the types and constructions of the profiled steel sheet, which could 
be obtained by the small scale slide block tests with low cost and high precision (Fig.8).  

xL x
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Fig. 8: Slide block test for determining bond coefficient between the steel sheet and concrete 

As shown in Fig.7, when the longitudinal interface of the segment B failed, the ultimate 
tensile force Tu of the section of the profiled steel sheet could be regarded as the summation of 
three parts: (1) the shear stress on the interface, (2) the frictional force produced by the reaction 
force of the side bearing, (3) the shear capacity of studs at the edge. Therefore, the ultimate tensile 
force Tu of the section of the profiled steel sheet determined from the segment B could be obtained 
as: 

u, B u L u s ud y pT bx V nV f A� W � P� �� �� �d     (8) 

where���P was the frictional coefficient between the profiled steel sheet and concrete, which 
could be also determined by small scale slide block tests. Vu was the ultimate vertical shear force 
near the side bearing, ns was the number of studs at the edge, and Vud was the shear capacity of 
the stud, which could be calculated as [11]: 

ud st c c u st0.43 0.7V A E f f A�  � d    (9) 

where Ast was the section area of the stud, fu was the tensile strength of the stud, and Ec 
was the elastic modulus of the concrete. 

Finally, the ultimate tensile force Tu of the profiled steel sheet section could be determined 
as: 

u u, A u, Bmin  ( ,  )T T T�       (10) 

 

2.2 Ultimate loading capacity of continuous slab 

Based on the Mu versus Tu relation of the composite section and the force equilibrium 
condition along the span, the ultimate loading capacity of the continuous composite slab could be 
calculated. Firstly, in order to obtain the area of the longitudinal shear failure surface, the position 
of the inflection point of the bending moment diagram should be determined, but it was related to 
the ultimate positive bending moment at the load point. Therefore, the iterative solution needed to 
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be carried out. In the following parts, the methods for calculating the ultimate loading capacity of 
continuous composite slab under various load condition were discussed in detail. 

 
Fig. 9: Bending moment diagram of two-span continuous slab subjected to single point load 

As shown in Fig.9, for the two-span continuous slab subjected to single concentrated load 
at mid-span of each span, according to the force equilibrium condition, the bending moment Mu at 
the load point  could be calculated as: 

                   u u n0.25 0.5M P L M�  � �        (11) 

where Mn was the ultimate negative capacity of the composite section at the mid bearing.  

         

(a) Geometrical relation                      (b) Stress diagram 

Fig. 10: Calculation model for negative moment 

The existing test results indicated that the local buckling of the profiled steel sheet always 
occurred when the section of the composite slab subjected to negative bending moment, so the 
contribution of the profiled steel sheet to the negative ultimate capacity Mn of the composite section 
must be neglected. As shown in Fig.10, the negative ultimate capacity Mn of the composite section 
could be calculated as:   

n yr r r yr r c( 0.5 / )M f A h f A f b�  � �     (12) 

Where Ar and fyr were the total area and yielding strength of the steel bars at the top of the 
section, hr was the distance from the steel bars to the bottom of the composite section. 

Based on the bending moment diagram shown in Fig.9, the position of the inflection point 
could be determined as: 

u

u n

0.5
M

x L
M M

� 
��

      (13) 

Taking equation (3), (6), (11), (12) and (13) as a non-linear equation group, the ultimate 
loading capacity of the continuous composite slab could be obtained by the iterative solution 
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method, which was illustrated in Fig.11. �' M was the incremental moment at each iterative step, 
which could be determined according to the solution precision, and e was the error limit for the 
iterative solution. 

 

 
Fig. 11: Iterative flow for solving non-linear equation group 

 

3.  TEST VERIFICATION 

In order to verify the proposed theoretical model, the comparative calculations were made 
based on tests in references [12] and [13]. The detailed results were illustrated in Table1. It could 
be observed that the proposed method has enough precision for predicting the ultimate loading 
capacity of continuous composite slab with steel sheet. 

 

Tab. 1: Comparative results between the predicted results and the test results 

Ref No. Specimen No. L/mm h/mm Pu, cal / kN Pu, test / kN Pu, cal/ Pu, test 

Chen [12] 

B-6 2600 165 138.33 146.80 0.94 

B-7a 2600 165 140.25 119.75 1.17 

B-7b 3200 165 106.58 119.75 0.89 

Lee [13] 

CSI-130-0.4(HS) 3000 130 91.57 96.00 0.95 

CSI-150-0.4(HS) 3000 150 110.81 110.00 1.00 

CSI-150-0.4(MS) 3000 150 111.42 128.00 0.87 

 

4. CONCLUSION 

Comparison with the test results showed that the theoretical method had enough precision 
for predicting the ultimate loading capacity of continuous composite slabs. Different from 
conventional m-k method with high cost, only the small scale slide block test with low cost had to 
be carried out to find the bond coefficient. 

The simplified method could be used for continuous composite slabs subjected to the 
uniform distributed load in practical design, and the flexural failure mode and longitudinal shear 
failure mode were both considered. 
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Tab. 1: Single number quantities for the evaluation of the sound insulation 

Indicators Davy: 
concrete wall 

Sharp: 
concrete wall 

EN 12354-1: 
concrete wall 

Watters: 
concrete wall 

Experiment: 
concrete wall 

Experiment: 
timber frame 

wall 

Rw 50 53 49 50 50 50 

C -2 -1 -2 -2 -1 -5 

Ctr -7 -5 -7 -5 -5 -12 

 

CONCLUSIONS 

The last section of this paper demonstrated that the design of the sound insulation of timber 
frame structures introduces different issues than the design of traditional heavy-weight structures. 
On the other hand, Fig. 7 showed that the precise estimation of the TL in the low frequency range 
is still a challenge even for a concrete block wall. 

In spite of the fact that the weighted sound reduction index is the same for a concrete wall 
and a timber frame wall, the spectrum adaptation terms are quite different.  It is also appropriate to 
remark that only the standard frequency range was evaluated. The spectrum adaptation terms for 
the extended frequency range would give even higher differences. 

The estimation of the TL of a timber frame wall is a complex procedure because of many 
possible wall compositions (resilient channels on one or two sides, staggered or double studs, 
differently damped cavity etc.). Responsible acoustician should in practice collect all possible data 
about the designed structure and also about similar structures which were already tested. 
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ABSTRACT 

In order to reveal the fluctuation effect of equilibrium moisture content of low subgrade in 
hot and humid climatic regions, the effect of temperature on the fluctuation of the equilibrium 
moisture content of subgrade was analysed. Taking the typical climate and the subgrade soil in 
Fujian province as an example, three technological methods - theoretical analysis, numerical 
simulation and indoor simulation experiment - were adopted in the investigation of the fluctuation 
effect of equilibrium moisture content of subgrade. The results show that, computing results from 
the formula of the equilibrium moisture content of subgrade, the numerical simulation results are 
closer to each other in consideration of the temperature effect. The test results can not reflect the 
relationship between the equilibrium moisture content and the height of embankment. The 
maximum fluctuation range of the equilibrium moisture content of the cement concrete pavement is 
less than 2 percent in Fujian area, and this phenomenon presents the effect of the moist-hot 
climate on the equilibrium moisture content. Equilibrium moisture content presents a declining 
trend with the increment of the temperature and the compactness. So, if matric potential 
considering temperature indirectly reflects the influence of thermal potential, then the equilibrium 
moisture content of low subgrade under high groundwater level can be estimated approximately. 
The fluctuation range of equilibrium moisture content in different layers of subgrade can be 
reduced effectively with the increment of the roadbed compaction degree. 

KEYWORDS 
 High groundwater level, low subgrade, equilibrium moisture content, fluctuation effect, hot 
and humid climatic regions 

INTRODUCTION 

In China, low subgrades exist widely in soft soil areas due to its small land occupation. It is 
well known that a moisture content of subgrade soil is close to the optimum moisture content 
during the filling construction of subgrade. The moisture content near the centre of the subgrade 
will present seasonal variation because of factors such as the fluctuation of groundwater level and 
traffic load and it can reach equilibrium moisture content within about 5 years. Therefore, the 
design parameters of subgrade under equilibrium moisture content conditions are much more 
suitable for the long-term performance of subgrade. 
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In light of this background, many scholars have made further research on the equilibrium 
moisture content of subgrade. Furthermore, a large amount of achievements have been obtained 
in this field, such as the equation for prediction of equilibrium moisture content in the subgrade 
based on field monitoring data [1-2], the equilibrium moisture content of subgrade obtained by test 
of mould of water curing [3-4], and the prediction method of equilibrium moisture content of 
unsaturated clay subgrade outside the affected zone of atmospheric precipitation/evaporation 
based on a single-valued function relationship between moisture content and matric suction of soils 
[5-6]. 

All of these results have important significance for perfecting the durability design method of 
subgrade, but there is limited information on the effect of temperature on the equilibrium moisture 
content of subgrade. 

However, it is known that changes of air temperature in different seasons will lead to a 
change of suction, and the temperature characteristics of suction play an important role in the 
pavement-subgrade system. For example, annual variation of measured temperature of roadbed in 
Nanping City of China is about 25 �Û�&. Even so, how they influence the fluctuation effect of 
equilibrium moisture content of roadbed is still unknown. To address these issues, this paper takes 
a typical hot and humid climatic region in Fujian province of China as an example, and the 
fluctuation effect of equilibrium moisture content of subgrade in this zone is analysed based on the 
combination of theoretical analysis, numerical simulation and indoor simulation experiment. 

PREDICTION OF EQUILIBRIUM MOISTURE CONTENT OF SUBGRADE 
CONSIDERING THE TEMPERATURE EFFECT 

Soil-Water Potential Principle of Subgrade Under High Groundwater Level Condition 

According to the theory of soil water potential, soil water potential consists of five parts: 
matric potential, gravitational potential, solute potential, pressure potential and temperature 
potential. In general, pressure potential of unsaturated soil is equal to zero and solute potential of 
unsaturated soil may not be considered. Because it is very difficult for the temperature potential to 
be stated by a mathematical formula, the matric potential considering the temperature effect is 
used to indirectly reflect the effect of temperature on soil water potential in this paper. As shown in 
Fig. 1, the matric potential of subgrade will lead to a rise of the capillary water. Finally, when the 
moisture content of subgrade reaches equilibrium state, then the total soil-water potential under 
different depth of subgrade should be equal. If the base level is groundwater, the total soil-water 
potential of subgrade should be zero. So, the total soil-water potential of subgrade at point A can 
be described by: 

m= 0g�\ �\ �\� � �                                                                  (1) 

Where, 

�\ ---the total soil-water potential, m; 

m�\ ---the matric potential, m; 

g�\ ---the gravity potential, m. 
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Fig. 1. -  Typical Cross Section 
 

The Matric Potential Considering the Temperature Effect 

Three different types of granite residual soil in Fujian province of China were chosen for test 
research on soil-water characteristic curve. Physical properties of granite residual soil are shown in 
Tab. 1. 

Tab. 1. - Physical Properties of Granite Residual Soil 
 

Soil 
Sample 

Particle Composition�Ä%�Å  
Maximum 

Dry 
Density 

Optimum 
Moisture 
Content 

Specific 
Gravity 

Liquid 
Limit 

Plastic 
Limit 

Plastic 
Limit 
Index 

>2 
mm 

2~ 
0.075 
mm 

0.002~ 
0.075 
mm 

<0.002 
mm 

�J���F�P-3 % - ��  ��  - 

�è 22.22 24.36 37.13 16.29 1.76 14.7 2.64 40.48 18.36 22.12 

�é 13.54 50.78 25.32 10.36 1.83 13.5 2.60 46.82 22.78 24.04 

�ê 8.00 31.56 39.42 21.02 1.71 17.7 2.55 60.12 33.47 26.65 

The filter paper test was used to determine soil-water characteristic curve [5]. The test data 
of seven soil samples will determine the relationship between the moisture content and the matric 
suction. Each type soil of test consists of four different temperature conditions (5 �Û�&, 20 �Û�&��, 30 �Û�&��, 
and 45 �Û�&��). According to the test data, the Van Genuchten Model was used to fit the relationship 
between the moisture content and the matric suction of soils. It can be described by [7]: 

�� ��
=

1

s r
rmn

ma

� T � T
� T � T

�\

��
��

� ª � º��� ¬ � ¼
                                                    (2) 

Where�È 

 �T ---the moisture content, %; 

s�T ---the saturated water content, %; 

r�T  ---the residual water content, %; 

a---the fitting parameter of soil-water characteristic curve, 1/cm; 

m, n---the fitting parameters of soil-water characteristic curve, m=1-1/n.  
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The Fitting parameters of Van Genuchten Model of three soil samples are shown in Tab. 2. 

 
Tab. 2. - Fitting Parameters of Van Genuchten Model of Three Soil Samples 

 

Soil Sample Temperature(�( ) a(1/cm) n r�T �Ä%�Å  s�T
�Ä%�Å  Residual Sum of Squares 

Soil sample �è 

5 0.4343 1.1843 2.51 24.91 1.0456E-4 

20 0.4980 1.2214 2.43 26.83 7.3821E-4 

30 0.1385 1.2531 2.3 24.98 8.8935E-4 

45 0.1317 1.1473 3.10 25.86 4.5761E-4 

Soil sample �é 

5 0.5935 1.1617 2.19 25.83 1.6514E-4 

20 0.1720 1.2279 3.97 25.19 6.4134E-4 

30 0.4655 1.1731 3.9 25.31 2.9543E-4 

45 0.2021 1.2519 2.46 24.25 6.4099E-4 

Soil sample �ê 

5 0.0299 1.1903 4.97 27.18 8.45098E-5 

20 0.0011 1.5485 3.62 25.03 4.8977E-4 

30 0.0084 1.2663 2.5 25.63 3.1787E-5 

45 0.0030 1.3270 6.52 25.68 2.309E-4 

 

It can be seen from Tab. 2 that the model has high fitting accuracy, since the residual sum 
of squares of fitting is less than 0.001. Many studies show that the influence of temperature on soil-
water characteristic curve of unsaturated soil should not be neglected. It is found that there is a 
power function relationship between temperature and parameters of Van Genuchten model based 
on the thermodynamics principle[8]. Using the method above, the relationship between 
temperature and parameters of Van Genuchten model was built based on the data in Tab. 2. It can 
be described by: 

Soil sample �è: 

3 2 2

3 2 2

3 2 2
r

3 2
s

a  8E-05T  - 0.0058T   0.1088T  0.0252         R   1

n  -1E-05T   0.0006T  - 0.0075T  1.2075       R   1

  7E-05T  - 0.0044T   0.0652T  2.284         R   1

  0.0006T  - 0.0431T   0.9142

�T

�T

� �� �� � 

� �� �� � 

� �� �� � 

�  � �2T  21.348        R   1

�
�°
�°
�®
�°
�° � � �  �¯

             (3) 

Soil sample �é: 

3 2 2

3 2 2

3 2 2
r

3 2
s

a  -0.0001T   0.008T  - 0.1743T  1.2769        R   1

n  2E-05T  - 0.0015T   0.0318T  1.0382        R   1

  4E-05T  - 0.007T   0.2755T  0.984          R   1

  -0.0001T   0.0097T  - 0.214

�T

�T

� �� �� � 

� �� �� � 

� �� �� � 

�  � � 21T  26.674     R   1

�
�°
�°
�®
�°
�° � � �  �¯

              (4) 

Soil sample �ê: 

3 2 2

3 2 2

3 2 2
r

3 2
s

a  -4E-06T   0.0003T  - 0.0077T  0.0613     R   1

n  8E-05T  - 0.0067T   0.1477T  0.6094       R   1

  0.0004T  - 0.023T   0.2737T  4.126          R   1

  -0.0003T   0.0224T  - 0.5677T 

�T

�T

� �� �� � 

� �� �� � 

� �� �� � 

�  � � 2  29.49      R  1

�
�°
�°
�®
�°
�° � � �  �¯

          (5) 
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The equilibrium moisture content of subgrade considering the temperature effect can be 
approximately predicted by Equation (2). 

NUMERICAL SIMULATION OF EQUILIBRIUM MOISTURE CONTENT OF SUBGRADE 

Hydrothermal Modelling  

Hydrothermal modelling can be described by [9] [10]: 

2

2

( , )
D( , ) D

( ) ( )

T

v h

T k T
T

t z z z z z

T T
c

t z

�T �T �T
�T

�U �T �O �T

��w �w �w �w �w �w�§ �· �§ �·� �� ���¨ �¸ �¨ �¸�°�w �w �w �w �w �w�© �¹ �© �¹�°
�®

� § � ·� w � w�° � � ¨ � ¸�° �w �w� © � ¹�¯

                                      (7) 

Where�È 

T---the temperature, �( ; 

( , )D T�T --- the moisture diffusion coefficient considering temperature effect, cm2/min; 

 TD --- the moisture diffusion coefficient considering temperature gradient effect, cm2/�Ämin.�( �Å; 

 ( , )k T�T ---the hydraulic conductivity considering the temperature effect, cm/min; 

( )vc �T  ---the specific heat capacity considering temperature effect, J/(kg.�( ); 

( )h� O � T ---the thermal conductivity considering moisture effect, W/(m.�( ) . 

The finite difference model is adopted to solve the hydrothermal modelling based on 
alternating direction implicit method. Implicit differential scheme of Equation (7) can be described 
by [9]: 

�� �� �� �� �� �� �� ��1 1 1 1 1
1/2 1/21 1

1/2 1/22 2

1
1 1

2

, ,
, ,

2 ( )
( )

k kk k k k k k
i ii i i i i i

i i

i i i i i
n n n n n k

v

k T k T
D T D T

t z z z
T T T T T

t z c

� T � T�T �T �T �T �T �T
� T � T

� O � T
� U � T

�� �� �� �� ��
� � � �� � � �

� � � �

��
� � � �

� ���� �� ��
� �� ���°

�' �' �' �'�°
�®

�� �� ���° � 
�° � ' � '�¯

 �Ä8�Å 

 

The height of the numerical model is 5 m. According to its basic ideology, the analysis is 
conducted using MATLAB. 
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Material Parameters 

The material parameters in the numerical model are shown in Tab. 3 and Tab. 4. Tab. 3 
shows the thermal parameters of cement concrete pavement which is simplified as a single layer, 
and Tab. 4 shows the hydrothermal parameters of subgrade considering the temperature effect. 

 
Tab. 3. - Thermal Parameters of Cement Concrete Pavement [11] 

 

Thermal 
Conductivity 

���:���P���( ) 

Density  
���J���F�P-3) 

Heat Capacity 
���-���N�J���( ) 

Solar 
Radiation 
Absorption 

Rate 

Pavement 
Emissivity 

Stefan-Boltzmann 
Constant 

 (J/s���P2���.4) 

1.5 2.4 900 0.75 0.85 5.67E-8 

 
 
 

Tab. 4. - Hydrothermal Parameters of Subgrade [11] 
 

Soil 
Sample 

Water 
Diffusivity 
(cm2/min) 

Diffusion 
Coefficient of 
Hygrothermal 
(cm2/min.�( ) 

Hydraulic 
Conductivity 

(cm/min) 

Specific Heat 
Capacity 
(J/kg.�( ) 

Thermal Conductivity 
(W/m.�( ) 

 �è 
5.4

0.14
0.36
�T

�F� § � ·
� ¨ � ¸
� © � ¹

 4.6E-5 
2.9

4.2E-4
0.36
�T

�D� § � ·
� ¨ � ¸
� © � ¹

 1.31 4.18 0.001K �T� � � � 

( ) ( )

( ) ( )
a s ha w hw a ha s m hm a ha d

a s w a s m a d

G G K

G G K

�O �O �O �O �O �O �T �O �O �O �O �U
�O �O �O �T �O �O �U
�� �� �� ��

�� �� �� ��
 �é 

5.5

0.26
0.31
�T

�F� § � ·
� ¨ � ¸
� © � ¹

 5.4E-5 
3.2

8.7E-5
0.31
�T

�D� § � ·
� ¨ � ¸
� © � ¹

 1.39 4.18 0.001K �T� � � � 

�ê 
4.7

0.02
0.35
�T

�F� § � ·
� ¨ � ¸
� © � ¹

 6.2E-5 
3.1

3E-5
0.35
�T

�D� § � ·
� ¨ � ¸
� © � ¹

 1.32 4.18 0.001K �T� � � � 

 

In Tab. 4, every symbol is expressed as follows: 

�F ---the coefficient of diffusion considering temperature effect; 

�D ---the coefficient of hydraulic conductivity considering temperature effect; 

 k ---the compactness of subgrade, 95%;  

m�O  ---the weighted coefficient of soil particle, soil sample �è, m�O  = 0.33, soil sample �é,  m�O

=0.27, soil sample �ê,  m�O = 0.28; 

w�O  ---the weighted coefficient of water, w�O  =1; 

 a�O---the weighted coefficient of air,  
2

0.6321 0.2334
1.8132 1.8962 0.075a

�T
�O

� T � T
��

� 
� � � �

; 

ha�O  ---the thermal conductivity of air, W/(m .�( ); 

hw�O  ---the thermal conductivity of water, W/(m .�( ); 

 hm�O ---the thermal conductivity of soil, W/(m .�( ). 
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The Initial and Boundary Condition 

The boundary condition of the upper surface of subgrade is heat flux and an impervious 
boundary without considering the impact of evaporation. 

The initial moisture content of subgrade is the optimum moisture content and the initial 
temperature is the average atmospheric temperature (20�Û�&). The depth of groundwater level is 
2.5m. 

Numerical Simulation Results Analysis 

In order to calculate seasonal variation of the moisture content of subgrade, climate data in 
Nanping City of China were selected as the typical meteorological boundary. The air temperature 
from July 1, 2007 to June 30, 2013 is shown in Fig. 4. The calculation results for different depths 
are shown in Fig. 5. 

 
>&a>'  Air Temperature                                 >&b>' Rainfall Intensity 

Fig. 4. - Seasonal Variation of Meteorological Data  in Nanping Area 

 

 
>&a>'  Soil Sample �è                                  >&b>' Soil Sample �é 
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>&c>'  Soil Sample �ê 

Fig. 5. Seasonal Variation of Moisture Content of Low Subgrade in Nanping Area 

In Fig. 5, it can be seen that moisture content at different depths of three types of subgrade 
present an initial increasing and then fluctuation trend. The maximum fluctuation range of the 
equilibrium moisture content of the cement concrete pavement is less than 2 percent. 

 

THE TEST FOR EQUILIBRIUM MOISTURE CONTENT OF SOIL AT DIFFERENT 
TEMPERATURE CONDITIONS 

Test Procedures 

A mould of water curing was used to simulate the impact of field environment condition on 
the equilibrium moisture of subgrade [3-4]. The test device is shown in Fig. 6. 

The test procedures are as follows: 

(1) Wet curing mould making 

A mould with a diameter of 7cm and height of 19 cm is made using PVC material. 
There are holes around the wall of the mould. In order to prevent water loss, wood 
blocks are used in the two ends of mould. 

(2) Sample preparation 

First, soil samples with the optimum moisture content are compacted by six layers in 
order to ensure adequate soil compaction. The height of each layer of soil is about 3 
or 4cm. Soil samples are compacted by compaction instrument. Second, the 
samples are encapsulated by a non-woven material with a thickness of 0.01mm. 
Third, the samples are placed in the mould. In order to prevent lateral expansion, a 
nut is used to secure the mould. Sample preparation is shown in Fig. (7). 

(3) Accelerated saturation stage of the soil sample 

When compaction is completed, the soil sample is weighed. In order to accelerate 
saturation of the soil, the samples are put into a bucket under different temperature 
conditions for three hours. 

(4) Wet curing stage of the soil sample 
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In order to ensure that the soil samples will absorb water uniformly because of 
imbalance of potential energy, the mould sealed by plastic bags is placed in a 
constant temperature and humidity system with a relative humidity of 100% and 
different temperatures of 5 �Û�&, 20 �Û�&, 30 �Û�&, 45 �Û�&, respectively. The soil samples 
should be inverted every 12h to ensure the uniformity. The relative humidity and 
moisture of soil samples should be recorded every 24 hours until the weight of soil 
samples do not change in two days. The test period is about 7d to 14d. 

Base

Tectum

Load
5

0
1
4
0

3
0

3
0

70
90

5

2
0

 
Fig. 6. - Mould of Water Curing (unit: mm) 

 

 
Fig. 7. - Sample Preparation 

 

Results Analysis of Indoor Test 

Tests for equilibrium moisture content of three types soil of table 1 were conducted under 
the different conditions of three compaction degrees (88%, 95%, 100%) and four temperatures (5 
�Û�&, 20�Û�&, 30�Û�&, 45�Û�&). In order to reduce the errors, parallel tests of each test mode were 
conducted. The relationship curve of moisture content of soil sample �è and time is shown in Fig 8. 
Tab. 3 shows the equilibrium moisture content of the three types of soil. 
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ABSTRACT 
The aim of the research was to carry out a hydraulic design of rowing/sculling and paddling 

simulator. Nowadays there are two main approaches in the simulator design. The first one includes 
a static water with no artificial movement and counts on specially cut oars to provide the same 
resistance in the water. The second approach, on the other hand uses pumps or similar devices to 
force the water to circulate but both of the designs share many problems. Such problems are 
affecting already built facilities and can be summarized as unrealistic feeling, unwanted turbulent 
flow and bad velocity profile. Therefore, the goal was to design a new rowing simulator that would 
provide nature-like conditions for the racers and provide an unmatched experience. In order to 
accomplish this challenge, it was decided to use in-depth numerical modeling to solve the hydraulic 
problems. The general measures for the design were taken in accordance with space availability of 
the simulator´s housing. The entire research was coordinated with other stages of the construction 
using BIM. The detailed geometry was designed using a numerical model in Ansys Fluent and 
parametric auto-optimization tools which led to minimum negative hydraulic phenomena and 
decreased investment and operational costs due to the decreased hydraulic losses in the system. 

KEYWORDS 
 Rowing simulator, sculling simulator, paddle simulator, hydraulic research, numerical 
modeling, building information model, BIM. 

 

INTRODUCTION 
In today’s sports world there is a huge competition in every subject no matter if it is 

athletics, team sports or individual disciplines. Multi-phase everyday practices with carefully 
chosen nutritious diet and foreign sport camps are the daily routine for the most of the athletes. So 
it is no surprise that all the teams and coaches are constantly seeking for new ways of improving 
the athletes’ training.  As a slightly different method or training device can provide a little advantage 
that makes the difference in the race.  

For rowers and paddlers one of the ways how to increase the technique and to stay in 
shape during the winter months is to build an indoor rowing/paddling simulator. That allows them to 
continue the practices even when the weather would not allow it. As a part of a reconstruction 
project of Labe Arena it was decided, that such a facility should be developed. 

Nowadays there are two main approaches in the rowing simulator design. The first uses 
static water with no artificial movement and counts on specially cut oars to provide the same 
resistance in the water. This solution lacks the stability when rowing, feels unrealistic, causes 

undesirable turbulence from the oars and provides bad velocity profile. The second 




















	Stavební obzor 2016-1
	1-2016_Kesely_Matousek

