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ABSTRACT 

The article presents partial results of laboratory research into physical and mechanical 
characteristics of materials most commonly used as walling units in masonry structures of historic 
and heritage buildings. Core boreholes and specimens for the laboratory research of selected 
characteristics were sampled from accessible places of historic buildings, which had not been 
restored or reconstructed.   

The results of the research brought new knowledge about the unreliability (variance) of the 
properties of historical, mainly natural building materials, and, at the same time, pointed out the need 
for further research and extension of knowledge necessary for the assessment of residual physical 
and mechanical characteristics of historic masonry structures. 

KEYWORDS 
 physical and mechanical characteristics, unreliability, masonry components, heterogeneous 
nature, variable factors 

INTRODUCTION 

Individual masonry components – walling units and binder – manifest a considerable 
variability of initial physical and mechanical characteristics. The manufacturing, extraction and 
processing methods of individual masonry components – walling units and binder – and the walling 
technology are processes with a relatively high degree of variability. Their contribution to the 
heterogeneous nature of masonry in terms of its mineralogical, chemical, physical, mechanical and 
other significant characteristics is crucial. 

In the case of natural building blocks, the above variable factors are further assisted by other 
effects, e.g. the effect of the locality, extraction method and processing of natural stone, in the case 
of bricks, in turn, the effect of the brick clay quality, manufacturing technology, mainly the firing time 
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and technology, ceramic body composition and porosity, in the case of binder, the effect of individual 
components, their ratio and processing method. Subsequently, due to the effect of degradation 
processes, changes in these major characteristics of masonry and its components occur over time, 
the structure is impaired, there are changes in porosity, mineralogical composition, chemical 
changes, etc. The intensity of degradation processes depends on the aggressiveness of the external 
environment to which the masonry is exposed, the effects of moisture and ongoing transport 
processes which trigger off chemical, biochemical and physical changes in the masonry.   

There are many historical methods of mutual bonding of building blocks, so-called masonry 
bonds, a large number of assembly and composition types of load-bearing masonry members. The 
size, shape and structure of bricks, the working method, shape and dimensions of building blocks of 
natural stone, various stiffening methods of e.g. historic masonry also play their role here, plus other 
facts significantly affecting the load-bearing capacity and failure mechanisms of masonry, 
mechanical and physical characteristics of brick, stone and mixed masonry which must be 
considered while assessing residual load-bearing capacity of masonry. 

Despite relatively extensive research into masonry structures, the issue of a reliable 
identification of the load-bearing capacity (loadability) of existing, mainly historic masonry structures 
still has not been solved in a satisfactory way [1]. The identification of the load-bearing capacity of 
existing historic masonry structures is an extremely difficult task because of the variability and 
vagueness of the parameters [2, 3] describing the physical and mechanical characteristics of 
masonry – walling units and mortar. Moreover, there is a great variability in the quality and 
characteristics of masonry structures used e.g. within the masonry structure of a building, one storey, 
within a masonry member (e.g. wall, pillar) along its height and length [4]. 

The decreasing reliability in the identification of mechanical characteristics of historical 
materials requires a corresponding scope and number of diagnosed elements and parts of historic 
masonry (e.g. number of core boreholes) and, during the interpretation of the results of this research, 
the adequate setting of the ratio between e.g. experimentally identified and design strength. 

DEGRADATION EFFECTS ON PHYSICAL AND MECHANICAL CHARACTERISTICS 
OF BUILDING MATERIALS OF HISTORIC BUILDINGS  

All building materials used for the masonry of historic buildings have a porous structure, most 
frequently a system of open pores, which allows the transport of moisture through the pore system. 
These transport processes are related to the pore system, specific surfaces, moisture content in the 
masonry, etc. and are essential in terms of the mechanism of degradation processes, their intensity 
and kinetics. Moisture in the liquid and gaseous phase is the principal carrier of various aggressive 
substances transported into the interior structure of building materials.   

An inseparable part of degradation processes caused by moisture are chemical degradation 
processes. Chemical corrosion of building materials is an action or a series of actions during which 
as a consequence of the effects of the aggressive environment the major physical and mechanical 
characteristics of materials fall below values necessary for their serviceability.   

The basis of these actions are chemical reactions, reactions between the solid and liquid or 
gaseous phase.  During the reactions, apart from the chemical reaction itself, transfer phenomena 
interact at the phase interface supplying reacting substances and removing reaction products. So 
that the reaction can run, permanent mass transfer – transport – of the reacting liquid phase and its 
effective substances must be provided.  

Salt crystallization in pores or hydration pressures produce pressures inside the building 
material structure which gradually impair this structure and cause so-called physical degradation 
processes. The volume expansion of some salts which pass into hydrates (increased water content) 
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causes crystallization hydration pressures reaching values in the order of tens of MPa, which exceed 
common real tensile strengths of building materials. The growth of crystals is limited by small pore 
spaces and the crystals develop considerable expansive pressures which grow with temperature. 
Water evaporation leads to the dehydration of crystals and to their disintegration. With a new 
increase in moisture, hydroscopic salts reabsorb water and recrystallize. This repetitive process 
(crystallization and recrystallization), together with the washout of binder components, leads to a 
gradual disintegration of the structure. 

A significant physical property which substantially conditions the successive course of 
degradation processes is the porosity of building materials, which changes over time and affects 
their water absorption.  

Building materials and, hence, entire structures, have some infiltration capacity. Building 
stone (clastic sediments – sandstones) offers very favourable conditions for infiltration. Different 
materials differ by their grain size, pore size and distribution and are inhomogeneous in their 
microstructure. 

As a consequence of and in direct proportion to the intensity and kinetics of degradation 
processes, the parameters describing the characteristics of masonry components – walling units and 
binder – must be assessed as time variable values.   

BUILDING MATERIALS USED IN HISTORIC AND HERITAGE MASONRY BUILDINGS   

Masonry structures of historic and heritage buildings, such as strip footings, walls, pillars and 
vaults, are most frequently made up of walling units of sandy marlstone, sandstone and limestone, 
granite, trachyte and fired bricks. Experimental research [5, 6] pointed out the severe effect of the 
moisture content, mineralogical composition and porosity (number, distribution and type of pores) 
on the intensity of chemical degradation processes and their effect on the mechanical characteristics 
of walling units.    

In the Middle Ages, apart from local resources, relatively easily accessible and workable 
sandy marlstone belonged to the most common walling materials.  It was the main material used 
for the construction of religious as well as civic buildings in the Romanesque to the early Gothic 
period. Judging by the quality of sandy marlstone, the durability of sandy marlstone masonry 
exposed to the present-day environment with its growing aggressiveness may be, in some cases, 
assessed for less than 50 years (depending on the intensity of degradation processes).  

Note: Sandy marlstones are marlites to spongilites (or spongolites), mostly with slight sand contents, 
composed of various forms of SiO2 (opal, chalcedony, cristobalite or micro-grained quartz), consolidated clay 
(aqueous aluminium silicates) and variable amounts of calcite (mostly as a binder), substances of biological 
origin (opal needles of sea sponges, etc., hence spolgilite) [2, 7]. The mechanical strength of sandy marlstone 
grows with higher contents of SiO2, and, on the contrary, falls with higher porosity and higher contents of 
CaCO3. Decalcified sandy marlstone (calcium carbonate is washed out) is highly porous, it has extremely low 
specific mass and low strength and is used for the production of lightweight building materials. 

From the start of the 15th century, sandstone belonged to the main building materials. The 
turning point in using sandy marlstone is the end of the 14th century and the start of the 15th century, 
when sandy marlstone was gradually replaced with sandstone. The evident reason was higher 
resistance of sandstone to weathering. The collective term – building sandstone – covers a series of 
rock types of sedimentary origin, variable chemical composition, age and physical characteristics 
(water absorption, strength, porosity, frost resistance).    

Note: Sandstones form a large group of clastic consolidated sediments, most often with quartz grains, but also 
with calcite, 0.063-2 mm in size. They are classified as fine-grained (grains in an interval of 0.063-0.5 mm), 
medium-grained (grains of 0.5-1.0 mm) and coarse-grained (grains larger than 1.0 mm). The space between 
the grains can be void space or can be filled with a binder – fine-grained sedimentary rock component of a 
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different structure, which makes the rock cohesive [7, 8]. The properties of sandstone (porosity, mechanical 
characteristics, colour, chemical resistance) are significantly affected by the binder quality and amounts. A 
considerably lower water absorption and porosity are the precondition for high strength and resistance to 
weathering and are typical of sandstones with a porous or filler binder. Sandstones mostly tend to be more 
resistant to the effects of degradation agents (water, acid exhalations from the air) than e.g. sandy marlstone. 

Limestones belonged to rock types, less frequently used in the construction of historic 
buildings, they were used in historic buildings on a relatively small scale and, as a rule, in the locality 
where they were quarried; in Bohemia, a major area with limestone quarries are the surroundings of 
the town of Beroun.    

Note: Limestones are non-clastic, compact to fine-grained sedimentary rocks (marbles have visible grains) 
formed by calcite CaCO3 (rhombohedral calcite and its orthorhombic modification – aragonite, in two-
component rocks they must be represented by at least 50%) with a smaller proportion of admixtures 
(admixtures of clastic particles do not exceed 10%), which colour them. Aragonite is more soluble, therefore, 
it tends to be easily leached and, for this reason, it cannot be found in geologically older limestones. 
Limestones are connected via continuous interfaces mainly with clay sediments (marl, marlite), sandy 
sediments (sandy limestones and lime sandstones) and very often with dolomite. In relation to the proportion 
of carbonate contents, some types of sandstone can be classified as sandy limestones or lime sandstones.  

Walling units were also prepared from granites, e.g. from granite, trachyte and others. Like 
in the case of limestone, their use in the construction of historic buildings was linked to a respective 
locality of their quarrying.  

Note: Trachyte is an extrusive magmatic rock, light whitish to grey in colour, of very fine-grained, porous 
structure. By its mineralogical composition, it is mostly formed by feldspar (potassium feldspars prevail over 
plagioclases), foide (representative of feldspars) - nepheline, sodalite and leucite, smaller amounts of quartz 
or smaller amounts of tridymite. In the Czech Republic, it is found sporadically, e.g. near the settlement of 
Úterý close to Mariánské lázně. 

 

 
 

Fig. 1 - Microscopic images of walling materials, a) Sandy marlstone (photo by P. Pospíšil),  
b) Sandstone [9], c) Limestone [9], d) Trachyte [9] 
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Starting from the Middle Ages, burnt bricks have been used for the construction of masonry 
buildings. They were used for brickwork or mixed masonry structures, together with walling units of 
natural materials, or they formed their reinforcing parts, e.g. outside corners of stonework and mixed 
masonry walls, linings, etc. Depending on the firing temperature and brick mix composition, bricks 
with different strengths, porous systems, etc. were manufactured.  

Note: The basic raw material for burnt bricks are loams based on clay minerals (mainly illite, montmorillonite 
and kaolinite). Non-clay components (mainly quartz, to a lesser extent calcite, mica, chlorite, etc.) are added 
to them. The dehydration of clay minerals takes place at temperatures of 500 - 600°C, while at 950°C 
amorphous SiO2 parts split off and dehydrated aluminosilicates change into a spinel-type compound. This, in 
turn, starts to pass into mullite 3Al2O3 • 2SiO2 at temperatures above 1100°C. At temperatures higher than 
1200°C, the split-off amorphous SiO2 changes into cristobalite. The manufacturing technology and brick mix 
composition are essential for the physical and mechanical characteristics of burnt bricks, e.g. a higher firing 
temperature also increases the amount of melt (glass phase) thus increasing the strength of the resulting 
product. [7, 8].   

EXPERIMENTAL RESEARCH INTO SELECTED MECHANICAL CHARACTERISTICS 
OF HISTORICAL MATERIALS  

The specimens sampled from selected historic buildings differing in age were exposed to 
laboratory research focused on the identification of mechanical characteristics (tensile and 
compressive strength, dynamic modulus of elasticity, modulus of elasticity in compression) and 
selected physical characteristics (overall porosity, pore distribution) and chemism. 

Note: Uniaxial compressive strength was identified using procedures under ČSN EN 1926:2007. The test 
pieces used for the tensile strength test had the same dimensions as those used for the uniaxial compressive 
strength test, whose bases were fitted with anchoring steel elements glued with two-component epoxy 
adhesive. The dynamic modulus of elasticity of the test pieces was identified on all test pieces before the 
compressive or tensile tests using the TICO device. Water absorption up to a constant mass was tested by 
the immersion of the whole specimen in water. Mercury porosimetry performed on chips of sedimentary rocks 
10-20 g in weight served to identify overall porosity and pore distribution in a range of 1 to 60*103 nm. Moisture 
profiles and basic chemism were detected on powder specimens (samples were performed in three different 
height levels – 0.25m, 0.75m and 1.3m above terrain level to assess the moisture distribution in masonry). 

The experimental, predominantly laboratory research conducted within the Ministry of Culture 
research project NAKI II was primarily concentrated on research into sedimentary rocks – sandy 
marlstone, sandstone, lime sandstone – from granites on trachyte and from artificial building 
materials on burnt bricks. The dimensions of partial specimens for the identification of the required 
characteristics obtained from core boreholes were modified to comply with ČSN standards (ČSN EN 
1926:2007, ČSN EN 1996-1-1+A1:2013). Tab. 1 presents the list of sampled specimens which were 
the subject of laboratory research.   
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Tab. 1 - List of test specimens 

Sampled 
specimens 

Labelling Sampling site Type of structure Age 
(years) 

Locality 

S
a
n

d
y
 m

a
rl

s
to

n
e

 

M1 - M3 quarry quarry 0 Přední Kopanina 

M4 - M5 farmstead barn 170 Tuchoměřice 

M6 - M9 Václav Havel Library library 345 Praha 

M10 - M16 Ursuline Convent convent 340 Praha 

S
a
n

d
s
to

n
e

 

S1 quarry quarry 0 Hořovice 

S2 quarry quarry 0 Božanov 

S3 - S8 church church 340 Fořt 

S9 - S14 former poorhouse residential building 350 Kutná Hora 

S15 quarry quarry 0 Hořice v Podkrkonoší 

S16 - S17 Jeřice Castle barn 170 Jeřice 

S18 - S20 farmstead barn 140 Chotíkov 

S21 - S23 farmstead stable 350 Boseň 

Lime 
sandstone 

LS1 - LS6 former vicarage vicarage 340 Hořovice 

T
ra

c
h
y
te

 T1 - T6 farmstead stable 270 Teplá, Ovčí Dvůr 

T7 - T10 farmstead stable 270 Teplá, Hájčí Dvůr 

T11 - T14 Premonstrate 
Monastery 

fence 370 Teplá 

B
ri
c
k
s
 

B1 - B4 from manufacture from manufacture 0 Praha 

B5 - B7 carpenter’s workshop carpenter’s workshop 120 Kutná Hora 

B8 - B11 printing house printing house 120 Humpolec 

B12 - B13 church church 340 Fořt 

B14 - B17 former poorhouse residential building 350 Kutná Hora 

B18 - B20 Václav Havel Library library 345 Praha 

 

STATISTICAL ANALYSIS OF LABORATORY OBTAINED VALUES       

The section below presents the results of statistical analysis subdivided according to 
materials. Due to the limited scope of data, together with the mean measured values, coefficients of 
variation, skewness of a distribution, etc., other theoretical assumptions supported by previous 
findings and experience are used [10, 11]. 
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Tab. 2 - Results of laboratory research – sandy marlstone 

Labelling 
fb ft E. Edyn Water absorption Porosity 

(Mpa) (Mpa) (Mpa) (Mpa) (%) (%) 

M01 76.15 - 11755 - 10.24 26.15 

M02 49.63 - 6388 - 10.04 32.08 

M03 72.69 - 21200 - 10.16 26.15 

M04 29.57 1.47 4514 3700 10.27 - 

M05 29.12 1.39 5184 10644 9.74 - 

M06 39.4 3.52 6556 12241 4.86 - 

M07 45.81 3.48 5749 2149 8.31 - 

M08 35.29 1.97 6515 14053 - - 

M09 46.91 1.53 5023 25950 - - 

M10 29.35 2.97 3980 7144 16.09 27.42 

M11 19.92 1.45 3300 5518 20.85 30.2 

M12 66.81 4.14 5035 6765 4.22 22.33 

M13 43.62 0.34 4930 6668 12.76 - 

M14 39.27 3.36 4995 10751 16.39 - 

M15 38.41 3 4324 12236 11.86 - 

M16 34.43 4.49 4180 10609 12.6 - 

 

 

 

 
 

Fig. 2 - Results of laboratory research – sandy marlstone 
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Tab. 3 - Statistical analysis – sandy marlstone (entire data set) 
 

 arithmetic 
mean 

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 43.5 39.3 33.2 47.6 15.6 35.8% 0.151 0.81 

E (MPa) 6476.75 5029 4466.5 6419.8 4225.8 62.25% 9.471 2.688 

 
Tab. 4 - Statistical analysis – sandy marlstone (selected locality – Ursuline Convent) 

 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 38.8 38.4 31.9 41.4 13.5 34.7% 2.37 0.83 

E (MPa) 4392.0 4324.0 4080.0 4962.5 595.01 14% -0.37 -0.5 

 

The entire data set of compressive strengths fb shows a significant dispersion of measured values 
(coefficient of variation of 0.36) corresponding to a slightly peaked probability density distribution 
(positive kurtosis of 0.151) and a markedly positive skewness (0.81). It is a slightly peaked 
distribution with a positive skew.  

The strengths from a selected locality (Ursuline Convent) are of a similar nature, but the probability 
density distribution has a higher degree of peakedness (positive kurtosis of 2.37). 

The entire data set of the modulus of elasticity E shows a very significant dispersion of measured 
values (coefficient of variation of 0.63) with a very sharp peaked probability density distribution 
(positive kurtosis of 9.471) and a markedly positive skewness (2.69). It is a sharp peaked and 
positively skewed distribution.  

The modulus of elasticity values from a selected site (Ursuline Convent) show a markedly lower 
dispersion of measured values (coefficient of variation of 0.14) corresponding to a flat probability 
density distribution (negative kurtosis of 0.37) with a negative skewness (-0.5). 

The normal and three-parametric lognormal distribution for the entire data set of sandy marlstone 
strengths (derived from the mean value of 43.5 MPa, standard deviation of 15.6 and skewness of 
0.81), including the minimum (19.92) and the maximum (76.15) measured values, is presented in 
Figure 3. 

 
Fig. 3 - Normal and three-parametric lognormal distribution for the entire data set of sandy 

marlstone strengths showing minimum and maximum measured values  
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Tab. 5 - Results of laboratory research – sandstone 

labelling 
fb ft E. Edyn water absorption porosity 

(Mpa) (Mpa) (Mpa) (Mpa) (%) (%) 

S01 30.9 - 4100 - 5.24 22.13 

S02 43.91 - 19500 - 5.64 19.06 

S03 52.16 - 3900 - 3.44 13.63 

S04 29.16 - 3800 - 5.6 15.12 

S05 71.07 - 8900 - - 14.72 

S06 41.1 - 4900 - 4.28 14.3 

S07 33.49 - 5369 - - 13.63 

S08 50.39 - 6272 - - 14.72 

S09 39.7 - 2879 15156 1.06 - 

S10 39 1.35 3009 24270 - - 

S11 48.29 - 3103 - - - 

S12 47.39 - 5777 - - - 

S13 45.03 - 5334 - - - 

S14 47.39 - 5524 - - - 

S15 36.8 - 11800 - - 16.26 

S16 44.79 1.48 6355 8174 - 5.53 

S17 48.63 1.65 7111 16000 - 5.36 

S18 55.1 1.04 3097 8010 8.67 - 

S19 60.48 0.58 3942 5401 13.54 - 

S20 31.16 1.48 3120 3953 3.73 8.25 

       

S21 1.83 - 400 - - 23.89 

S22 1.93 - 300 - - 26.01 

S23 4.31 - 1100 - - 23.89 
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Fig. 4 - Results of laboratory research – sandstone 
 

Tab. 6 - Statistical analysis – sandstone (entire data set) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 44.8 44.91 38.45 49.07 10.14 22.64% 0.813 0.595 

E (MPa) 5889.6 5117.0 3630.0 6292.8 3799.5 64.51% 7.727 2.379 

 
Tab. 7 Statistical analysis – sandstone (selected locality - Fořt) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 46.23 45.75 35.39 51.72 13.84 29.94% 0.296 0.530 

E (MPa) 5523.5 5134.5 4150.0 6046.3 1731.08 31.34% 1.665 0.940 

 

The entire data set of compressive strengths fb shows a significant dispersion of measured 
values (coefficient of variation of 0.23) with a peaked probability density distribution (positive kurtosis 
of 0.813) and a positive skew (0.595). It is a slightly peaked and positively skewed distribution.  

The strengths from a selected site (Fořt) are of a similar nature with a positive skew (positive 
skewness of 0.53), but their probability density distribution is flatter (positive kurtosis of 0.296). 

The entire data set of the modulus of elasticity E shows a significant dispersion of measured 
values (coefficient of variation of 0.65) with a markedly sharp peaked probability density distribution 
(positive kurtosis of 7.727) and a significantly positive skewness (2.38). It is a sharp peaked and 
positively skewed distribution. 

The modulus of elasticity values from a selected site (Fořt) have a lower dispersion of 
measured values (coefficient of variation of 0.31), their probability density distribution is less sharp 
peaked (positive kurtosis of 1.67) with a positive skew (0.94). 

The normal and three-parametric lognormal distribution for the entire data set of sandstone 
strengths (derived from the mean of 44.8 MPa, standard deviation of 10.1 and skewness of 0.59), 
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including the minimum (29.16) and the maximum (71.07) measured values, is presented in Figure 
5. 

 
Fig. 5 - Normal and three-parametric lognormal distribution for the entire data set of sandstone 

strengths showing minimum and maximum measured values 
 

Tab. 8 - Results of laboratory research – lime sandstone 

labelling 
fb ft E. Edyn water absorption porosity 

(Mpa) (Mpa) (Mpa) (Mpa) (%) (%) 

LS01 173.35 2.52 6320 15476 1.31 - 

LS02 155.27 6.23 5971 18540 0.69 - 

LS03 103.53 3.77 6210 9080 1.99 7.53 

LS04 98.59 2.75 6153 12991 2.25 7.75 

LS05 105.6 3.99 60478 12278 3.0 7.24 

LS06 81.62 2.39 4754 17075 3.14 9.98 
 

 

 
Fig. 6 - Results of laboratory research – lime sandstone 
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Tab. 9 - Statistical analysis – lime sandstone (entire data set) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 119.66 104.56 99.83 142.86 32.91 27.51% -1.148 -0.731 

E (MPa) 5916.0 6115.5 6005.3 6195.8 530.18 8.96% 5.210 -1.633 

 

The entire data set of compressive strengths fb shows a dispersion of measured values 
(coefficient of variation of 0.28) corresponding to a flat probability density distribution (negative 
kurtosis of -1.15) and a negative skew (-0.731). It is a flat and negatively skewed distribution.  

The entire data set of the modulus of elasticity E shows a lower dispersion of measured 
values (coefficient of variation of 0.09) corresponding to a sharp peaked probability density 
distribution (positive kurtosis of 5.21) and a markedly negative skewness (-1.63). It is a sharp peaked 
and negatively skewed distribution.  

The normal and three-parametric lognormal distribution for the entire data set of lime 
sandstone strengths (derived from the mean of 119.66 MPa, standard deviation of 32.91 and 
skewness of -0.731), including the minimum (81.62) and the maximum (173.35) measured values, 
is presented in Figure 7. 

 

 

 
Fig. 7 - Normal and three-parametric lognormal distribution for the entire data set of lime sandstone 

strengths showing minimum and maximum measured values 
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Tab. 10 - Results of laboratory research – trachyte 

labelling 
fb ft E. Edyn water absorption porosity 

(Mpa) (Mpa) (Mpa) (Mpa) (%) (%) 

T01 55.07 1.2 10700 9984 3.45 -  

T02 53.31 1.37 12900 12100  -  - 

T03 76.16  - 8666  -  -  - 

T04 85.39  - 9366  -  -  - 

T05 82.63 3.31 8486 14096  -  - 

T06 71.11 4.76 8754 17226  -  - 

T07 55.61 1.02 8331 5094 3.49  - 

T08 54.91 0.78 9007 7497  -  - 

T09 42.03  - 8726  -  -  - 

T10 51.92  - 8919 -  -  - 

T11 75.74 3.85 6530 8676 1.19 10.28 

T12 77.12 3.86 5543 6569 2.81 10.5 

T13 58.635 1.38 4015 8488 2.05 10.93 

T14 67.48 1.78 3619 6317 2.17 12.18 

 

 

 

 

 
Fig. 8 - Results of laboratory research – trachyte 
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Tab. 11 - Statistical analysis – trachyte (entire data set) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 64.79 63.06 54.95 76.06 12.87 19.87% -1.240 0.033 

E (MPa) 8111.6 8696.0 6980.3 8985.0 2390.6 29.47% 0.403 -0.257 

 
Tab. 12 - Statistical analysis – trachyte (selected locality - Teplá) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 69.74 71.61 65.27 76.09 7.40 10.61% -1.286 -0.473 

E (MPa) 4926.8 4779.0 3916.0 5789.8 1171.7 23.78% -3.178 0.211 
 

The entire data set of compressive strengths fb shows a significant dispersion of measured 
values (coefficient of variation of 0.20) corresponding to a flat probability density distribution 
(negative kurtosis of -1.24) and a nearly negligible skewness (0.03). It is a flat and nearly symmetrical 
distribution.  

The strengths from a selected locality (Teplá) are of a similar nature, but the value of the 
probability density distribution coefficient of variation is by one half lower (0.11) and the distribution 
is negatively skewed (skewness of -0.47). 

The entire data set of the modulus of elasticity E shows a significant dispersion of measured 
values (coefficient of variation of 0.29) with a slightly peaked probability density distribution (positive 
kurtosis of 0.403) and a negative skewness (-0.257). It is a slightly peaked and negatively skewed 
distribution. 

The modulus of elasticity values from a selected site (Teplá) show a similar dispersion of 
measured values (coefficient of variation of 0.24), but their probability density distribution is markedly 
flat (negative kurtosis of 3.18) with a positive skewness (0.21). 

The normal and three-parametric lognormal distribution for the entire data set of trachyte 
strengths (derived from the mean of 64.79 MPa, standard deviation of 12.87 and skewness of 0.03), 
including the minimum (42.03) and maximum (85.39) measured values, is presented in Figure 9. 

 

 
Fig. 9 - Normal and three-parametric lognormal distribution for the entire data set of trachyte 

strengths showing minimum and maximum measured values 
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Tab. 13  -Results of laboratory research – burnt bricks 

labelling 
fb ft E. Edyn water absorption porosity 

(Mpa) (Mpa) (Mpa) (Mpa) (%) (%) 

B01 14.31 - 5600 - 20.88 31.92 

B02 26.23 - 8500 - 18.49 34.36 

B03 20.02 - 2600 - 11.9 38.41 

B04 17.76 - 2400 - 16.4 37.4 

B05 17.08 - 2300 - 18.3 37.5 

B06 34.78 - 5300 - 22.5 31.27 

B07 21.39 - 3200 - 19.2 31.78 

B08 19.57 - 2400 - - 26.15 

B09 23.82 - 3100 - - 18.44 

B10 12.02 - 1400 - - 24.93 

B11 11.21 - 3072 - - 18.44 

B12 11.15 - 2200 - - 31.8 

B13 7.59 - 1400 - - 34.32 

B14 9.28 1.15 2710 3684 17.44 - 

B15 16.17 1.45 4763 6652 16.27 - 

B16 21.4 - 5090 2477 - - 

B17 32.54 - 6630 6104 - - 

B18 8.28 0.5 1522 1130 12.95 - 

B19 6.82 0.8 1768 - - - 

B20 8.08 2.13 2072 - - - 

 

 
 

Fig. 10 - Results of laboratory research – burnt bricks 
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Tab. 14 - Statistical analysis – burnt bricks (entire data set) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 16.98 16.63 10.68 21.39 7.91 46.61% -0.106 0.659 

E (MPa) 3401.4 2655.0 2168.0 4844.8 1891.6 55.61% 1.010 1.150 

 
Tab. 15 - Statistical analysis – burnt bricks (selected locality - Humpolec) 

 arithmetic 
mean  

median 
lower 

quartile 
upper 

quartile 
standard 
deviation 

coeff.of 
variation 

coeff. of 
kurtosis 

coeff.of 
skewness 

fb (MPa) 16.66 15.80 11.82 20.63 5.27 31.62% -3.637 0.225 

E (MPa) 2493.0 2736.0 2150.0 3079.0 690.47 27.70% 0.321 -0.675 

 

The entire data set of compressive strengths fb shows a significantly high dispersion of 
measured values (coefficient of variation of 0.47) corresponding to a flat probability density 
distribution (negative kurtosis of -0.11) and a significantly positive skewness (0.66). It is a slightly flat 
and positively skewed distribution.    

The strengths from a selected site (Humpolec) are of a similar nature, but their probability 
density distribution is significantly flatter (negative kurtosis of -3.64).  

The entire data set of the modulus of elasticity E shows a significant dispersion of measured 
values (coefficient of variation of 0.56) with a peaked probability density distribution (positive kurtosis 
of 1.01) and a positive skewness (1.15). It is a sharp peaked and positively skewed distribution.  

The modulus of elasticity values from a selected site (Humpolec) show a lower dispersion of 
measured values (coefficient of variation of 0.28), their probability density distribution is less peaked 
(positive kurtosis of 0.32) with a negative skewness (-0.68). 

The normal and three-parametric lognormal distribution for the entire data set of brick 
strengths (derived from the mean of 16.98 MPa, standard deviation of 7.91 and skewness of 0.66), 
including the minimum (6.82) and the maximum (34.78) measured values, is presented in Figure 11. 

 

 
Fig. 11 - Normal and three-parametric lognormal distribution for the entire data set of brick 

strengths showing minimum and maximum measured values 
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Overall assessment  

The statistical analysis of major mechanical characteristics (compressive strength fb, modulus 
of elasticity E) of selected materials (sandy marlstone, sandstone, lime sandstone, trachyte, burnt 
bricks) has manifested a significant to a very significant dispersion of measured values (coefficient 
of variation € (0.11; 0.47)) corresponding to a flat probability density distribution except for 
sandstone, whose measured values have a sharp peaked distribution.  

The standard deviations € (5.3; 32.9) where the lowest standard deviation values were 
calculated for burnt bricks (7.9 for the entire data set, 5.3 for a selected locality – structure), and the 
highest standard deviation values were calculated for lime sandstone (32.9 for the entire data set) 
and for sandy marlstone (15.6 for the entire data set of values, 13.5 for a selected locality – structure). 

CONCLUSION 

The significant dispersion of measured values of major mechanical characteristics of natural stone 
and burnt bricks requires obtaining the values describing the major characteristics of walling units 
(strength, modulus of elasticity and others) from a sufficient number of sampling sites in order to 
identify the residual loading capacity of particularly stonework and mixed masonry. The values 
obtained on the basis of e.g. sampled core boreholes are valid mainly in the immediate vicinity of 
the sampling site and cannot be extrapolated for larger masonry parts. The residual load-bearing 
capacity of masonry, identified on the basis of an insufficient number of sampling sites or values 
obtained from respective regulations and literature can only be classified as approximate. 
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ABSTRACT 

The compressive stress signal of soil during vibration compaction is an unstable and 
transient saltation signal accompanied by broadband noise, and the spectra of the signal and noise 
always overlap. To extract the ideal original signal from noisy data, this paper studies several 
signal de-noising methods such as low-pass filtering, multi-resolution wavelet transform, spectrum 
subtraction and independent component analysis. Experiments show that the traditional low-pass 
filter is only applicable when the spectra of the signal and noise can be separated in the frequency 
domain. The multi-resolution wavelet transform can decompose the signal into different frequency 
bands and remove the noise efficiently by extracting useful the frequency band of the signal, but 
this method is not reliable when the signal to noise ratio (SNR) is low. Spectrum subtraction can 
remove strong background noise with stationary statistical characteristics even if the noise level is 
high and the spectrum of the signal overlaps with that of the noise. Independent component 
analysis can extract weak signals which are combined with heavy noise and can separate the 
noise from signal effectively when the independent channel hypothesis holds. These de-noising 
methods are of great importance for further analysing vibration signals in engineering. 

KEYWORDS 
Compressive stress signal,  Low-pass filter,  multi-resolution wavelet transform; spectrum 

subtraction; independent component analysis; de-noising methods 

INTRODUCTION 
Signals can be easily degraded by noise due to signal generators, sensors and other 

equipment during the acquisition and transmission process. In practical applications, most received 
signals are accompanied by noise. Processing the noisy signals directly will affect the feature 
recognition, classification and other subsequent steps [1]. Therefore, it is very important that signal 
de-noising is performed and the original signal information is preserved and extracted.  

The soil compressive stress signal contains important physical information about the 
process of vibration compaction. It not only reflects the distribution of the compressive stress in 
each layer, but the distribution, absorption and transfer of the compaction energy in the soils. The 
compressive stress signal of soil during vibration compaction is an unstable transient saltation 
signal accompanied by broadband noise, and the noise and signal spectra always overlap [2]. In 
order to study the joint time-frequency property and the laws of distribution and transfer of the soil 
compressive stress signal in each layer, so as to reveal the vibration compaction mechanism, it is 
crucial to extract the ideal original signal from noisy data for further processing and analysis. In 
recent years, a large number of novel algorithms have appeared in the study of unstable and 
transient saltation signal de-noising [3-6]. Considering the soil compressive stress signal during 
vibration compaction, this paper discusses and studies the effect of de-noising methods on 
vibration signals; such methods include low-pass filters, multi-resolution wavelet transforms, 
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spectrum subtraction and independent component analysis. A comparative analysis of the 
experimental results is presented and the applicability of the algorithms is discussed. 

1.  SOIL VIBRATION COMPACTION TEST 
A soil vibration compaction test was implemented in the large soil tank of Key Laboratory for 

highway construction techniques and equipment of the Ministry of Education, Chang’an University. 
The test equipment used a custom-designed vibratory roller model [7]. The compaction test section 
length was 8 m, with a width of 1 m. Based on the test conditions and vibratory roller that used 
during vibration compaction, the nominal amplitude, vibration frequency and running speed of the 
roller are the main influencing factors in the test. An orthogonal experiment scheme of the 3 factors 
at 3 levels was implemented, resulting in nine tests that fully reflect the influence of various factors. 
For each condition, static compaction was first performed 2 times, then the vibration compaction 
was repeated for 12 times [8].  

Before the test, turned loose soil to 35cm in soil tank by hand, and watering in order to 
achieve the appropriate moisture content. Then, three dynamic strain gauge pressure cells were 
placed on 3 layers under the soil at depths of 5cm, 15cm and 25cm, respectively. A DEWE-2010 
data logger recorded the soil compressive stress signals of the pressure cells during the vibration 
compaction process, capturing stress signals on an oscilloscope in real time, as well as storing and 
processing data. The experimental setup is shown in Figure 1. The sampling frequency of the soil 
compressive stress signal in the test was 2000Hz. 

 
 

78/ 

 

 

 

 

2.  DE-NOISING METHODS OF COMPRESSIVE STRESS SIGNALS  
This paper considers the case of the soil compressive stress signal, and assumes a signal 

S1 with a low amount of noise and signal S2 with heavy noise. Signal S1 retains the waveform 
characteristics of stress signal generally, but due to the heavy noise, the waveform of signal S2 has 
been distorted. The vibration compaction operating parameters in the test were: vibration 
frequency-- 30Hz, nominal amplitude-- 1.2mm, and running speed--1.12 km/h. According to the 
analysis, the ideal compressive stress signal is an unstable transient signal which has a peak value 
at the moment of impact, but is a stable signal with zero mean at other times. 

 
 
 

2.1  Low-pass filtering 

When the signal is band-limited and the signal and noise spectra can be separated in the 
frequency domain, a low-pass filter can filter out the noise spectrum by multiplying a window 
function in the frequency domain, thus separating the noise from signal through a purpose-
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designed filter [3, 9], as long as the cut-off frequency of the signal is known. Then, the de-noised 
signal can be obtained in the time-domain through the Inverse Fourier Transform. 

By low-pass filtering signal y( )t , we can obtain the signal as follows: 

( ) ( ( ) ( ))x t IFFT Y W 
                (1) 

Where ( )W   is window function.
 

The spectra of the signal and noise overlap in most cases. Low-pass filtering can remove 
high-frequency noise but low frequency noise is still mixed with the signal and is difficult to 
separate. The influence of the noise spectrum is more obvious when the SNR is low. Therefore, 
the de-noising effect of the low-pass filter degrades greatly with the decrease of the SNR. 

 

  

 
(a) Noisy compressive stress signal 

 

 
(b) Signal de-noised through frequency domain low-pass filtering  

Fig. 2 - Low-pass filtering of noisy signal S1 
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(a) Noisy compressive stress signal 

 

 
(b) Signal de-noised through frequency domain low-pass filtering  

Fig.3 - Low-pass filtering of noisy signal S2 
 

The vibration compaction operating parameters show that the main frequency of the signal 
is close to 30Hz. Therefore, the width of the pass-band of the low-pass filter applied was about 
30Hz with a width of 35%. Figure 2(a) shows the compressive stress signal S1 with small noise, 
Figure 3(a) shows compressive stress signal S2 with heavy noise, Figure 2(b) and Figure 3(b) 
shows the de-noised signals S1 and S2 through the low-pass filter.  

Comparing the de-noised result of Figure 2(b) with that of Figure 3(b), it can be seen that 
the de-noising effect is not significant when the noise is small, and we cannot reconstruct the ideal 
compressive stress signal through low-pass filtering when the noise level is high. This is because 
the compressive stress signal of the soil during vibration compaction is a mutation signal and 
contains high frequency information which is useful for signal processing. However, the low-pass 
filter filtered out the high frequency components over 1.35 ∗ 30Hz as noise. Therefore, the low-pass 
filter cannot separate high frequency components of the signal from the noise effectively. 
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2.2  Multi-resolution wavelet transform 

2.2.1  Signal analysis principle of wavelet transform [10] 

The wavelet transform is a novel signal analysis method gaining popularity in recent years 
[4,11-13], and it is widely used in de-noising of transient saltation vibration signals accompanied by 
noise.  

Let ,and  be the result of the Fourier transform of . If  meets the 

admissibility condition: , then we consider  as a basic wavelet function, 

through the scale transformations and translations of which a group of wavelet functions can be 
obtained. 

(2)
 

In Equation (2), ‘a’ is the scale factor which controls the time window width of the wavelet 
function, and ‘b’ is the displacement factor which controls the translation of the wavelet function on 
the time axis. The bigger |a| is, the wider the time window is and the narrower the frequency 
window is. It can be proved that the product of the time window width and the frequency window 
width of the wavelet function is constant. 

The dyadic wavelet transform is used widely in practice. By letting  a group of 

dyadic wavelet functions can be obtained.  

(3)
 

The wavelet transform of signal is defined as: 

(4)
 

From the perspective of signal processing, changes in ‘a’ are equivalent to a continuous 
change of the transmission bands of a band-pass filter and changes of ‘b’ are equivalent to the 
band-pass filtering of the signal at different times. By varying ‘a’, the signal can be observed 
through the wavelet transform on a wide time window (which corresponds to a narrow frequency 
window) at low frequency, but on a narrow time window (that is a wide frequency window) at high 
frequency. The local time-frequency characteristics of the wavelet transform are very suitable for 
the analysis of signals that change slowly at low-frequencies but rapidly at high-frequencies. 

2.2.2  Wavelet transform principles for de-noising 

The fundamental principle of wavelet transform for de-noising is to let some high-frequency 
components be zero selectively and retaining some useful frequency band, then reconstruct the 
signal through the wavelet reconstruction algorithm.  

Mallat [4] proposed a multi-resolution wavelet transform based on a orthogonal wavelet 
basis. Let  be a wavelet function representing a band-pass filter, and  be a scaling 

function representing a low-pass filter. From the perspective of multi-resolution analysis, wavelet 

decomposition is equivalent to applying the low-frequency signal  with scale  through the 

band-pass filter and the low-pass filter . Then, after downsampling, we can get a low-
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frequency signal  and a high-frequency signal  with scale .The principle of multi-

resolution wavelet decomposition is shown in Figure 4.  

 

 

Fig.4 - Multi-resolution wavelet decomposition 

The low-frequency signal can be decomposed step by step using a multi-resolution wavelet 
transform. In every decomposition, the signal can be divided into a low-frequency band and a high-

frequency band. Let the frequency band of the original signal be . Then, for the k-th 

wavelet decomposition, the signal can be divided into a low-frequency band and a high-frequency 

band with respective ranges and . 

A signal can be decomposed into different frequency bands through multiple multi-
resolution wavelet decompositions. By extracting the useful frequency band but suppressing the 
high-frequency band and applying the wavelet reconstruction algorithm, we can obtain the de-
noised compressive stress signal.  

The vibration frequency of the vibratory roller was 30Hz in the test so, theoretically, the soil 
compressive stress signal should demonstrate a resonance peak value at about 30Hz. Therefore, 
the signal within this frequency band is useful and should be retained. In addition, because of the 
nonlinear characteristics of the vibration, the compressive stress signal not only includes the 30Hz 
frequency components, but other harmonic components such as those at 60Hz and 90Hz, etc, 
which should also be selectively retained. According to the sampling theorem, due to the fact that 
the sampling frequency of the stress signal in the test was 2000Hz, the frequency range analysed 
using the wavelet transform should be [0,1000Hz]. Thus, based on the frequency band segregation 
theorem of wavelet decomposition, the signal should be decomposed to 5 levels.  

According to the above analysis, we decomposed the noisy compressive stress signal 
using the sym8 orthogonal wavelet function to 5 levels. The frequency of the low-frequency signal 
at the fifth level is [0,31.25Hz], which should be completely retained, and the frequency bands of 

high-frequency signals at the other levels are respectively [1000/2𝑘, 1000/2𝑘−1 ] Hz. We can 
dispose of the high frequency coefficient at different levels by choosing soft thresholds using 
adaptive thresholding based on the estimated noise levels at each decomposition level. Thus, the 
signal can be reconstructed by disposing the high frequency coefficients and retaining the low-
frequency signal at the fifth level. 
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(a) Noisy compressive stress signal 

 

 

 
(b) Signal de-noised through the wavelet transform 

Fig.5 - Signal S1 before and after application of the wavelet transform. 
 

Figure 5(a) shows the noisy compressive stress signal S1, while 5(b) shows the wavelet 
transform de-noising result. Compared with Figure 2, the de-noising effect using the wavelet 
transform is better than that obtained using the low-pass filter, and closer to the ideal stress signal. 
Because the wavelet transform can selectively retain some high frequency information, it is more 
effective in retaining the high frequency characteristics of signal. 
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(a) Noisy compressive stress signal 

 

 

(b) De-noised signal through wavelet transform 
Fig.6 - Signal S2 before and after application of the wavelet transform  

 
Figure 6 shows the wavelet transform de-noising result for signal S2. It can be seen when 

noise levels are high, the wavelet transform can remove some noise but cannot reconstruct the 
ideal original signal. This is because the wavelet transform method is based on the assumption 
that the spectrum band of the noise and the signal can be separated in the multi-resolution 
decompositions; this is approximately correct only when the SNR is high. When the noise is of 
narrow spectrum, its influence can be ignored even its spectrum overlaps with that of the signal. 
However, when noise level is higher, the influence of the overlapping spectrum cannot be ignored. 
Therefore, the wavelet transform is only suitable for de-noising signals with a high SNR, as the 
result is not reliable when the SNR is low and the signal and noise spectra overlap.  

2.3  Spectrum subtraction 
The fundamental principle of spectrum subtraction is that we subtract the power spectrum 

of the noise from that of the signal in frequency domain, then obtain the power spectrum estimation 
of the de-noised signal [5,14-16]. It is essentially a modification of the amplitude of signal by 
subtracting from its power spectrum while retaining the original phase information. Then, the de-
noised signal in the time-domain can be obtained through the Inverse Fast Fourier Transform 
(IFFT). 

Suppose 𝑠(𝑛) is an ideal signal and 𝑦(𝑛) is an actual observation signal; then 

𝑦(𝑛) = 𝑠(𝑛) + 𝑑(𝑛),               (5) 
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where 𝑑(𝑛) is the additive noise.  
When the signal and the noise are stationary random processes, the cross-correlation 

function 𝑅(𝜏) and power spectral density function 𝑃(𝜔) of the signal are related through the Fourier 
transform. In this case, the power spectrum of the signal is defined as the modular square of the 
Fourier transform of the signal, which represents its energy density, that is: 

𝑃𝑌(𝜔) = |𝑌(𝜔)|2 = |𝐹𝐹𝑇(𝑅𝑌(𝜏))|2,     (6) 

However, 𝑅𝑌(𝜏) = 𝐸(𝑌(𝑛)𝑌(𝑛 + 𝜏)) = 𝐸[(𝑠(𝑛) + 𝑑(𝑛))(𝑠(𝑛 + 𝜏) + 𝑑(𝑛 + 𝜏))]. 
If the noise is uncorrelated with the signal, it can be deduced that: 

 𝑅𝑌(𝜏) = 𝐸[𝑠(𝑛)𝑠(𝑛 + 𝜏)] + 𝐸[𝑑(𝑛)𝑑(𝑛 + 𝜏)] = 𝑅𝑠(𝜏) + 𝑅𝑑(𝜏) (7) 
By applying the Fourier Transform to both sides of Eq. (7), it can be deduced that: 

|𝑌(𝜔)|2 = |𝑆(𝜔)|2 + |𝑁(𝜔)|2               (8) 
The estimated value of the power spectrum of the signal can be obtained using power 

spectrum subtraction: 

|�̂�(𝜔)|
2

= |𝑌(𝜔)|2 − |�̂�(𝜔)|
2
         (9) 

Where �̂�(𝜔)  is the estimated value of the power spectrum of the noise, which can be 
approximated using the variance of the noise.  

It can be concluded from Eq. (9) that: 

2ˆ ˆ( ) ( ) ( 1 (| ( ) | / | ( ) |) )S Y N Y     
               

 (10)
 

Suppose  
Where   is a small positive constant. Then: 

ˆ( ) ( )S Y G                                     (11) 

The estimation of the reconstructed signal can be obtained through IFFT but retains the 
original phase information of signal, that is:  

    ˆ( ) ( ( ) )
i

s n IFFT S e
       (12) 

where 𝜃 is the phase function of the original noisy signal. In practice, the compressive stress signal 
is non-stationary, but each signal segment can be regarded as stationary and can be reconstructed 
using spectrum subtraction by processing short-time windowing segments in the time-domain. 
 

 

 
(a) Ideal compressive stress signal 

Fig.7 - Ideal compressive stress signal and noise signal 
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(b) Noise signal 

Fig.7 - Ideal compressive stress signal and noise signal 

 

 

 
(a) Noisy compressive stress signal 

 

 
(b) Spectrum of signal and noise 

 
 

(c)Signal de-noised through spectrum subtraction 
Fig.8 - The original signal, its spectrum and the signal de-noised through spectrum subtraction  

 
The de-noising performance of spectrum subtraction is verified for a segment of a simulated 

signal. Suppose Figure 7(a) is an ideal compressive stress signal. After the addition of the noise 
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signal shown in Figure 7(b), we obtain the noisy signal shown in Figure 8(a), whose waveform is 
distorted seriously because of the noise. Figure 8(b) shows the spectra of the signal and noise 
which overlap. Figure 8(c) shows the signal de-noised through spectrum subtraction, where it can 
be seen that the de-noised signal is very close to the ideal compressive stress signal. Therefore, 
spectrum subtraction performs well when removing strong background noise.  

 

 

 
(a) Noisy signal 

 

 
(b) Signal de-noised through spectrum subtraction 

Fig.9 - De-noised signal of noisy signal S2 through Spectrum subtraction 
 

Figure 9 shows signal S2 de-noised through spectrum subtraction. The result shows that 
the de-noised signal has the characteristics of the compressive stress signal and is very close to its 
ideal form. Obviously, the de-noising results obtained through spectrum subtraction are superior to 
those obtained using the wavelet transform shown in Fig. 6. Therefore, when the SNR is lower, 
spectrum subtraction can be used to recover the ideal compressive stress signal even if the signal 
and the noise spectra overlap. 

2.4  Independent component analysis (ICA) 
 ICA assumes that N source signals are statistically independent instantaneously, there is 

only one Gaussian-distributed signal at most in the source signals and that the received signal is a 
linear mixture of these N source signals. The ICA algorithm is essentially an optimization problem. 
The mixed signal is decomposed into independent components when the degree to which the 
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components are non-Gaussian reaches a maximum value. Every component obtained is a source 
signal [6,17-21]. 

Suppose 𝑥 = (𝑥1, 𝑥2, ⋯ , 𝑥𝑚)𝑇 is the m-dimensional random observation signal vector, which 
is a linear combination of n independent source signals 𝑠𝑗  in the source signal vector 𝑠 =

(𝑠1, 𝑠2, ⋯ , 𝑠𝑛)𝑇. Then, we can write 

𝑥 = 𝐻𝑠 = ∑ ℎ𝑗𝑠𝑗
𝑛
𝑗=1 , 𝑗 = 1,2, ⋯ 𝑛          (13) 

In Eq. (13), H is an unknown 𝑚 × 𝑛 full-rank hybrid matrix. The ICA algorithm is used to 
estimate the separation matrix W, and the output that represents the source signal obtained by 
separating 𝑥(𝑡) using W is 

𝑦(𝑡) = 𝑊𝑥(𝑡) = 𝑊𝐻𝑠(𝑡) = 𝐺𝑠(𝑡)         (14) 
The separation can be achieved by solving for the optimal G. 
The central limit theorem of probability theory states that the probability distribution of sum 

of each independent random variable tends to be a Gaussian distribution. For the signal under 
consideration, the higher degree to which the components are non-Gaussian, the higher their 
mutual independence. Therefore, the signal is decomposed based on the non-Gaussianity 
measure of the resulting components. When the measure reaches a maximum, this indicates that 
each independent component has been completely separated. The non-Gaussianity measure can 
be represented using a probability density function 𝑝(𝑦) and the Kullback–Leibler divergence of the 
Gaussian distribution with the same covariance matrix, which is called negentropy. The negentropy 
of a random variable y is defined as: 

( ) ( ) ( )g GaussN y H y H y              (15) 

where ( ) ( ) lg ( )H y p x p x dx   is the comentropy of y. ( )GaussH y  is the comentropy of a Gaussian 

distribution which has the same covariance matrix with y. According to information theory, the 
random variable of Gaussian distribution which has the same variance also has the maximum 

comentropy. The more non-Gaussian y is, the higher of the value of ( )
g

N y . The approximation 

equation of negentropy in practical applications is defined as follows:  

2

1

( ) { [ ( )] [ ( )]}
P

g i i i

i

N y k E G y E G v


    (16)  

where 𝑘𝑖 is the constant greater than zero; 𝑣 is the Gaussian random variable that obeys the N 

(0,1) distribution; and 𝐺𝑖 is a non-quadratic function. 
In order to maximize the upper equation, according to the Kuhn-Tucker condition, when 

𝐸[𝐺(𝑊𝑇𝑥)2] = ‖𝑊‖2 = 1, the optimal value should satisfy the following equation: 

𝐸[𝑥𝑔(𝑤𝑇𝑥) − 𝛽𝑥 = 0].             (17) 
Therefore, the recursion formula of the ICA algorithm can be obtained as follows: 

     

{ [ ( )] }/{ [ ( )] }

|| ||
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 (18) 

where 𝛽 = 𝐸[𝑤𝑇𝑥𝑔(𝑤𝑇𝑥)]. 
According to the principle of independent component analysis, when the observed data are 

a random mixture of real signal and noise, they can be separated using the ICA algorithm. 
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(a) Ideal compressive stress signal 

 

 
(c) Noise signal 

Fig.10 - Ideal compressive stress signal and noise signal 
 

 

 
(a) Mixed-signal 1 

Fig.11 - Two mixed-signals 
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(b) Mixed-signal 2 

Fig.11. Two mixed-signals 
 

 

 
(a) Isolated stress signal 

 

 
(b) Isolated noise 

Fig.12 - Separation of signal and noise through ICA 
 

Figure 10(a) shows an ideal compressive stress signal, while 10(b) shows a noise signal 
obtained by extracting and amplifying the time-domain signal from a real compressive stress signal 
during the stable period. If the noise is independent from the original signal, the signal received by 
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the system is a random mixture of compressive stress signal and noise, as shown in Figure 11(a) 
and Figure 11(b), where the two signals are shown after being mixed randomly. Figure 12 shows 
the separation results of signal and noise obtained through the fast ICA algorithm. In Figure 12(a), 
it can be seen that the compressive stress signal was successfully separated from the two mixed-
signals, and is close to the ideal compressive stress signal. Figure 12(b) shows the separation 
result of the noise signal.   

3.  CONCLUSION 
This paper studied the principled and applicability of several de-noising methods for the soil 

compressive stress signal during vibration compaction, with applications on both low- and high-
SNR signals. According to the above analyses, the following can be concluded: 

1) Traditional low-pass filtering methods assume that the signal and noise are in different 
frequency bands, so using appropriately designed filters, noise can be removed while retaining the 
useful signal. When the noise level is low and the frequency band of noise does not overlap with 
that of the signal significantly, a low-pass filter can separate noise from the signal in frequency 
domain effectively. However, this method is not applicable when the spectrum of the signal 
overlaps with that of the noise. 

2) The multi-resolution wavelet transform can decompose the signal into different frequency 
bands, and effectively remove the noise by extracting the signal from the useful frequency bands. 
However, these methods are based on the assumption that the spectrum band of noise and signal 
can be separated during the multi-resolution decompositions. This assumption does not hold when 
the SNR is lower and the spectrum of the noise and signal significantly overlap. In this case, the 
de-noised result is not reliable. Therefore, the wavelet transform is widely used for signals with a 
higher SNR.  

3) Spectrum subtraction methods require that the noise is statistically stationary. Because 
spectrum subtraction takes full advantage of the statistical characteristics of the signal and the 
noise, it can remove the strong background noise. Spectrum subtraction can be applied to remove 
strong statistically stationary background noise, even in cases where the SNR is lower and the 
spectrum of the noise and signal overlap significantly. 

4) ICA assumes that a multi-channel signal is a random mixture of N independent source 
signals. When the signal received is such a random mixture of the ideal signal and noise, the ICA 
algorithm can separate the noise from the signal accurately. In particular, if N independent 
observation channels received meet the assumption of instantaneous independence, the N-
channel original signal can be directly extracted from N-channel noisy observation data through the 
ICA algorithm. ICA is applied in cases of broadband noise, low SNR and considerable spectrum 
overlap between signal and noise. 

In conclusion, when the noise is small, using the multi-resolution wavelet transform can 
yield better de-noising results; when the noise level is high and the effect of spectrum overlapping 
between noise and signal cannot be ignored, spectrum subtraction or ICA algorithm should be 
used to remove the noise based on the specific signal processing system and the characteristics of 
the signal and the noise. 

 

REFERENCES  

[1]      He Bin.,2002. Visual C++ digital image processing [M].Beijing: Posts and Telecommunications Press. 

[2]        Zhang qingzhe.,2010. Study on the Model and Parameters of the Vibration Compaction Systems in 

the Soil Subgrade[D].Xi’an: Chang’an University. 

[3]        Oppenheim A V, Willsky A S, Nawab S H, et al.,2012. EE202 Signals and Systems Fall 2012[J]. 

[4]        S. G. Mallat.,1989. Multifrequency channel decompositions of images and wavelet models. IEEE 

Transactions on Acoustics, Speech and Signal Processing. 37(12): 2091- 2110. 



 
  Article no. 30 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0030 376 

 

[5]        S Boll.,1979. Supp ression of acoustic noise in speech using spectral subtraction[J]. Acoustic Speech 

and Signal Processing, IEEE Transactions, 27 (2) : 113 - 120. 

[6]        Comon P.,1994. Independent component analysis—a new concept Signal Processing. 36: 287-314. 

[7]        Yao Yunshi, Xiao Gang, Dong Xiuhui, Feng Zhong-xu.,2006. Experimental Study of Doubl-e 

Frequency Composed Vibrating Compaction[J], China Journal of Highway and Transport,19(1):122-126. 

[8 ]        PRC National Standard,Vibratory Roller Performance Test Methods（GB4478-1995）[S].1995. 

China Standards Press. 

[9]        Ditommaso R, Mucciarelli M, Ponzo F C.,2012. Analysis of non-stationary structural systems by using 

a band-variable filter[J]. Bulletin of Earthquake Engineering, 10(3): 895-911. 

[10]       Cheng Zhengxing., 2000.The Wavelet Analysis Algorithm and Application[M]. Xi 'an: Xi 'an jiaotong 

University Press. 

[11]       Killick R, Eckley I A.,2013. Jonathan P. A wavelet-based approach for detecting changes in second 

order structure within nonstationary time series[J]. Electronic Journal of Statistics. 7: 1167-1183. 

[12]       Chen Y M, Zi Y Y, Cao H R, et al.,2014. A data-driven threshold for wavelet sliding window 

denoising in mechanical fault detection[J]. Sci China Tech Sci, 57: 589~597. 

[13]       Tao Ke, Zhu Jianjun.,2012. A comparative study on validity assessment of wavelet de-noising[J]. 

Journal of Geodesy and Geodynamics, 2: 128~133. 

[14]       Upadhyay N, Karmakar A.,2013. Spectral Subtractive-Type Algorithms for Enhancement of Noisy 

Speech: An Integrative Review[J]. International Journal of Image, Graphics and Signal Processing (IJIGSP), 

5(11): 13. 

[15]       P Lochwood, J Boudy.,1992. Experimentswith a nonlinear spectral subtractor (NSS) , hiddenMarkov 

models and p rojection for robust recognition in cars [ J ]. Speech Communication, 11 ( 6 ) : 2 l5- 228. 

[16]       Zhu Jianhua, Tian Lan., 2013. Research on New Speech Denoising Based on Spectral Subtraction 

and Wavelet Threshold Method[J]. Coal Technology, 01: 171~173. 

[17]       Hyvarinen A, Karhunen J, Oja E.,2001. Independent Component Analysis. John Wiley, New York. 

[18]       Ella Bingham, Aapo hyvarinen.,2000. A fast fixed-point algorithm for independent component 

analysis of complex valued signals[J]. International Journal of Neual Systems, Vol.10, No.1(2000)1-8. 

[19]       Comon P, Jutten C.,2010. Handbook of Blind Source Separation: Independent component analysis 

and applications[M]. Access Online via Elsevier. 

[20]       Frappart F, Ramillien G, Leblanc M, et al.,2011. An independent component analysis filtering 

approach for estimating continental hydrology in the GRACE gravity data[J]. Remote Sensing of 

Environment, 115(1): 187-204. 

[21]       P. Capuano,E. De Lauro,S. De Martino,M. Falanga.,2016. Detailed investigation of Long-Period 

activity at Campi Flegrei by Convolutive Independent Component Analysis[J]. Physics of the Earth and 

Planetary Interiors, 253: 48~57. 

http://dict.youdao.com/search?q=PRC&keyfrom=E2Ctranslation
http://dict.youdao.com/w/national/
http://dict.youdao.com/w/standard/


 
  Article no. 31 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0031 377 

 

STUDY ON THE INFLUENCE OF BOLT ANCHORED CATENARY 
ON TUNNEL LINING UNDER THE AERODYNAMIC LOAD 

Zhong-xin Ren1, Hong Guo2 and Yong-tao Su1 

 
1. Northeast Forestry University, Harbin 150040, China. 

2. Beijing Municipal Engineering Research Institute, Beijing 100037, China, email: 

18515251290@163.com 

ABSTRACT  

 In order to study the influence of Bolt anchored catenary on tunnel lining under the aerodynamic 
load, the paper takes a tunnel on Qinhuangdao -Shenyang Railway as an example.The force of 
lining structure is studied using numerical simulation based on the research and analysis of 
relevant theory and model test results. Firstly, the variation of the air pressure in the tunnel was 
calculated caused by the train when it is passing through the tunnel at different speeds (200 ~ 
400km/h). Then, by ANSYS the aerodynamic load calculated by FLUENT is applied to the 
simplified catenary suspension. The main results are as follows: 1. The maximum normal stress of 
tunnel lining with train speed according to the power law, and maximum normal stress with train 
speed according to quadratic function relation; 2. Tunnel lining is subjected to push-pull stress 
because the magnitude and direction of aerodynamic loads change with the advance of the train; 3. 
The lining structure is mainly subjected to the stress of the Y direction, and this stress should not 
be neglected when design the structure of tunnel secondary lining. 4. The load spectrum of the 
lining structure under different train speed is given. The research results of this paper are of great 
significance to the optimization design of tunnel lining structure.  

KEYWORDS 
High–speed train, Tunnel lining, Aerodynamics load, Suspended ancillary facilities, Tension 

and compression cycle 

1.  INTRODUCTION 
It is expected that in 2020, China's high-speed railway mileage will reach 30,000 km, at the 

same time; the high-speed railway tunnel construction scale will increase with the increasing 
mileage of high-speed rail in mountainous China. With the increase of the train speed, the 
aerodynamic effect of the tunnel is more and more obvious, and out of the consideration of the 
comfort of high-speed railway train, the tunnel construction and the economy of the vehicle 
manufacturing, many experts in domestic and overseas have conducted a series of numerical 
simulations, model tests and field experiments on tunnel aerodynamics. For example: Miyachi T 
and Ozawa S [1], Cross D and Hughes B [2], Luo Jianjun [3-4] Ma Weibin et al. [5-7] improved the 
computational theory of tunnel aerodynamics further through the numerical simulation study. 

In order to ensure the normal operation of the train, the catenary fittings are essential as 
part of power supply facilities. When the train passes through the tunnel, catenary suspension will 
also be affected by the aerodynamic effect of the tunnel. Shi Chenghua, Yang Weichao, Wang 
Zhaowei [8-11] et al. found that long-term aerodynamic loads will accelerate the damage of the 
attachment fixtures. As for the current situation of railway tunnel design in our country, during the 
design of the lining structure, the influence of the catenary on the lining under the action of 
aerodynamic load is not considered. With the increase of railway tunnels in recent years, the 
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problems are more and more serious. The authors have found that the connection between the 
auxiliary facilities and the tunnel lining is where the lining cracks begin to form in many tunnels. 

In this paper, the bolt anchored catenary in a tunnel of Qinhuangdao -Shenyang railway is 
studied. Firstly, the ICEM CFD is used to establish a high-speed railway tunnel model whose 
length is1000m and blocking ratio is 0.1102 (The train model is CRH380A, the cross sectional area 
of the tunnel is 100m2). Secondly, the air pressure in tunnel will be acquired by FLUENT when the 
train speed is 200km / h, 250km / h, 300km / h, 350km / h, 380km / h and 400km / h. Then the 
ANSYS is used to establish the simplified catenary suspension model and the influence of the 
catenary on tunnel lining under the action of aerodynamic load is also studied. Last but not least, 
the load spectrum of the lining structure under different train speed is given, and the load should be 
considered in combination with the passage frequency of the tunnel when design the secondary 
lining. The research results of this paper will make a great significance to the design or partial 
strength of the high-speed railway tunnel lining.  

 

2.  AERODYNAMIC LOAD CALCULATION BASED ON FLUENT 
Firstly, a numerical model is established according to the data provided by the relevant 

scholars of Central South University. In order to make the calculated aerodynamic load close to 
reality, the aerodynamic load calculation model is verified and related calculation parameters is 
adjusted by comparing with the model test data in the laboratory. Linearity reduced scale of this 
model test is 1/17.6. The train model is CRH380A and the length of it is 2.92m. The length and 
sectional area of tunnel are 28m and 0.258 m2 respectively. The speed of train is 55.98m/s, the 
measure point is about 14.2m away from the entrance of tunnel. In order to make the results as 

accurate as possible，calculate time step size is 0.0005s. Figure 1 shows the test and calculated 

value. 
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Fig. 1 - Comparison between the test value and the calculated value 

 
As we can see from Figure 1, the difference between the maximum positive pressure 

obtained from numerical simulation and the model test result is less than 5%. It shows that the 
parameter setting and the model of numerical simulation are in accord with the actual situation. 

Then, the aerodynamic load of CRHA380 train caused when going through the tunnel whose 
cross section is 100m2 at different speeds is analyzed by the numerical simulating calculation. 
According to the results of real vehicle test and numerical simulation, the maximum aerodynamic 

load is obtained within the range of 100m ～150m from the tunnel entrance. Taking the most  
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unfavorable situation into account, in this paper, the measuring point of aerodynamic load is set at 
120m from the entrance in the tunnel, the calculated results are as shown in Figure 2. 
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Fig. 2 - Calculation results of aerodynamic loads at different speeds 

3.  ANSYS COMPUTING MODEL 

3.1  Stress analysis of lining 
When the tunnel is opened to traffic，the lining structure will be interacted with external 

loads, such as the surrounding rock pressure, water force and so on, and form a stable tertiary 
stress field. The bolt anchored catenary is directly fixed on the secondary lining structure by bolts, 

as shown in Figure 3. 

 

 
Fig. 3 - Bolt type contact net hanger after installation 

 
Due to the limited space inside the tunnel and the compressibility of air, when high speed 

train passing through the tunnel, catenary becomes obstacles to train wind, therefore, it will be 
affected by the aerodynamic load, and all these forces are eventually passed on to the tunnel lining. 
For the lining structure, the stress direction of the lining structure is along the tunnel axial (X 
direction) and perpendicular to the tunnel axial (Y direction). This force is only applied to the lining 
when the train passes, and the size and the direction change with the time. In order to make 
statistic more convenient, this study determines the positive direction of x and y are as shown in  
Figure 4, that is, when the y-direction stress is positive, the lining structure is subjected to tensile 
stress. 
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Fig. 4 - Force analysis and measuring point position of bolt anchored catenary under aerodynamic 
load 

3.2  ANSYS APDL simulation implementation process 
After making a force analysis of the bolt anchored catenary, the model is established and 

the grid is divided by ANSYS Parametric Design Language. PLANE42 is used for the unit type of 
Lining structure and Bolt anchored catenary.The lining concrete is C35 concrete, the density is 
2425kg/m3, Elastic modulus is 2.83.15×104MPa, Poisson’s ratio is 0.2, material of bolt anchored 
catenary is Q335. In order to facilitate the calculation, the connection between the tunnel lining and 
the suspension is set to perfect contact. [9] 

Then, the aerodynamic load caused by the train are calculated by FLUENT. The calculated 
aerodynamic load is applied as a force varying with time to catenary by means of transient analysis, 
in order to analyze the stress of secondary lining and monitor the stress at the connection point 
between the lining and catenary. The simplified model and the numerical simulation of the stress 
distribution of the bolt anchored catenary are shown in Figure 4. 

The length of bolt anchored catenary is 500mm in Qinhuangdao-Shenyang Railway. From 
the current research on the railway tunnel disease(), the lining structure is prone to crack where the 
suspension is located. The measuring points are as shown in Figure 4 (S1 and S2). The simplified 
two-dimensional model is established to monitor the X-direction and Y-direction stresses. 

4.  ANALYSIS OF NUMERICAL SIMULATION RESULTS 

4.1  Basic law analysis 
Using ANSYS APDL to simulate the X-direction and Y-direction's stress at the two 

measuring points, it is found that the magnitude of the stress at S1 and S2 are of small differences 
and are opposite in direction, so just monitor the stress at S1, and, the tunnel lining structure 
caused by bolt anchored catenary in the aerodynamic loads the directional change of stress is 
consistent with the aerodynamic loads. In order to save the length of the paper, taking the stress of 
the tunnel lining as an example at the train speed of 400km/h, the stress distribution of the lining 
structure is analyzed. The stresses in the tunnel structure are shown in Figures 5 and 6, the 
magnitude of the stress and its relation to the aerodynamic load are shown in Table 1. 
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Fig. 5 - The stress of X direction when the train peed is 400km/h 
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Fig. 6 - The stress of Y direction when the train peed is 400km/h 

 

Tab. 1 - Peak stress of tunnel lining when the train speed is 400km/h 

Time/s 
AIR-

STRESSAIR/
Pa 

Stress 
direction 

Peak stress The relationship 

1.87 2392 
X 88215 P=37* AIR-STRESS 

Y 348901 P=146* AIR-STRESS 

6.735 -2136 
X -78768 P=37* AIR-STRESS 

Y -311537 P=146* AIR-STRESS 

 
From Figure 5, 6 and Table 1, we can draw the following conclusions: 

(1) When the speed is 400km / h, the aerodynamic load in the tunnel reaches the maximum 
positive pressure (AIR-STRESS = 2392Pa) when t = 1.87s. At this time, the tunnel lining structure 
is subjected to the maximum horizontal force to the right and maximum pulling force under the  
action of aerodynamic load; 
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(2) When t = 6.735s, the aerodynamic load in the tunnel reaches the maximum negative stress 
(AIR-STRESS = -2136 Pa). At this time, the tunnel lining structure is subjected to the maximum 
horizontal force to the left and maximum upward pressure under the action of aerodynamic load; 
(3) As shown in Figures 5 and 6, the stress of the lining structure caused by the passing of the 
train is a cycle of tension, compression and tension; 
(4) The X and Y directional stresses of the tunnel lining reach 37 times and 146 times of the 
aerodynamic load, respectively. 
 

4.2 Analysis of lining stress without working condition 
As shown in Figure 7 to 10, the maximum positive pressure and the maximum negative 

pressure curve of tunnel lining structure in the direction of X and Y are summarized. 
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Fig. 7 - Maximum positive pressure in X direction of tunnel lining structure 
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Fig. 8 - Maximum negative pressures in X direction of tunnel lining structure 
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Fig. 9 - Maximum positive pressure in Y direction of tunnel lining structure 
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Fig. 10 - Maximum negative pressure in Y direction of tunnel lining structure 

 
As shown in Figure 7 and Figure 10, we can see that the stress value of the tunnel lining 

has a great relationship with the operation speed of the train, and the size and increasing rate of 
stress increase with the increase of train speed. The relation between the stress of the lining 
structure and the train speed is summarized as follows in Table 2. 

 

Tab. 2 - Relationship between the stress of lining structure and train speed  

Maximum positive stress in X 
direction 

P=0.4661*x2.027 

Maximum negative stress in X 
direction 

P=-1.2515x2+516.87x-
86067 

Maximum positive stress in Y 
direction 

P=1.8432*x2.027 

Maximum negative stress in Y 
direction 

P=-4.9499x2+2044.3x-
340407 

 
The load spectrum of the tunnel lining structure due to the suspension under different 
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speed is shown in Table 3. The load should be considered in combination with the passage 
frequency of the tunnel when design the secondary lining. It is worth noting that the stress of the 
lining structure caused by the passing of the train is a cycle of tension, compression and tension, 
therefore, the calculated traffic frequency of the train should be 2 times that of actuality.  
 

Tab. 3 - The load spectrum of the tunnel lining structure due to the suspension under different 
speed 

Train running speed 

(km/h) 

Maximum positive 
stress 

(Pa) 

Maximum negative 
stress 

(Pa) 

200 85596 -131679.016 

250 133150 -134773.641 

300 192234 -171765.75 

350 263598 -235658.328 

380 313027 -279730.906 

400 348901 -311536.75 

5.  CONCLUSION 
Due to the compressibility of air and limited internal space in tunnels, the high-speed trains 

will induce a series of tunnel aerodynamic effect when going through, the trains and the tunnel 
structures and various ancillary facilities will be influenced by aerodynamic load. The paper takes a 
tunnel on Qinhuangdao-Shenyang Railway as an example, and the force of lining structure is 
studied by numerical simulation. The conclusions are as follows: 
 
(1)  The compression wave will be generalized when high-speed trains going through the 
tunnels, the bolt anchored catenary will be affected by aerodynamic loads because they will 
become an obstacle when the compression wave moves forward. Being fixed by the affiliated 
facilities, the load will finally deliver to the tunnel lining structures.  
(2)  The numerical simulation shows that the force imposed on the lining structures by affiliated 
facilities under the aerodynamic loads stress is mainly on Y direction, and the stress of the lining 
structure caused by the passing of the train is a cycle of tension, compression and tension. 
(3)  When the train speed is 400 km/h, the stress of X direction is 88215 Pa, while Y- direction 
stress is 348901 Pa. with no consideration of aerodynamic load when designing the lining 
structures is obviously unreasonable.  
(4)  The maximum normal stress of tunnel lining with train speed according to the power law, 
and maximum normal stress with train speed according to quadratic function relation; 
(5)  Considering about the safety of the actual operation of the train and the complexity of the 
treatment of the tunnel structure disease, this paper has some reference values for the design of 
the lining structures of the high railway tunnels. 
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ABSTRACT 

                    To overcome the scarcity of natural resources as construction material and to reduce 
the hazards from industries, industrial wastes can play a very significant role. In this paper, the 
influence of glass powder and steel slag is reviewed. It is concluded that glass powder and steel 
slag can upset some portion of concrete thereby providing significant improvement in mechanical 
properties of concrete consequently reducing the environmental hazards from industries. 

KEYWORDS 
 Concrete, glass powder, steel slag, mechanical properties 

INTRODUCTION 

Concrete is a mixture of cement, fine aggregate and coarse aggregate. Some chemical 
admixtures are also added to gain varied properties. According to a study 11 billion tons of 
concrete was consumed worldwide [1]. Concrete is the most important construction material but 
the production of cement is very energy consuming and is a major source of greenhouse gases [2]. 
The emission of greenhouse gas is approximately 7% from cement industry. Similarly due to rapid 
industrialization, the concrete industry is facing scarcity of natural resources as construction 
materials. The use of waste materials is the best possible alternative to overcome these problems. 
Much attention has been paid toward the use of waste materials in concrete. 

Glass is one of the oldest man-made materials. According to a study 130 million tons of 
waste glass is produced in the world [3]. The use of glass powder in the concrete binds the 
aggregate together thereby increasing the strength of concrete. The particles of glass powder are 
very fine and act as a filler, resulting in lower porosity and improving the durability of concrete. 
Glass is amorphous in nature and contains large amount of silica. When the particle size is less 
than 75μm then they show pazzolanic properties [4]. The problem with the use of glass powder is 
its high content of silica, but according to studies, ground glass powder does not influence the 
alkali-silica reaction [5], [6]. 

  To overcome the exploitation of natural resources and reduce the emission of CO2, the use 
of steel slag in concrete can also play a vital role [7]. The production of steel yields 15-20% of steel 
slag [8]. Approximately 35% of steel slag is disposed as waste material [9]. In 2012, the worldwide 
production of steel slag was nearly 230 million tons. This disposed slag not only affecting 
agriculture and environment but also causes shortage of space for landfilling. 

mailto:ali.sd863@gmail.com
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  Extensive research work has been performed to replace the aggregates by steel slag and 
the results showed positive influence on concrete properties [10], [11], [12]. Some other 
researchers have also reported the beneficial role of slag on fire resistance of concrete [13][14]. 
Steel slag contain cementing properties due to high amount of silica and calcium, but due to low 
cooling process its hydration process is very low compared to normal cement [15]. Tsakiridis et al. 
[16] have utilized steel slag for production of Portland cement clinker. They concluded that 10% 
replacement of steel slag results no negative impact on quality of cement produced. Steel slag in 
fine form can be utilized as admixture for concrete [17]. 

EFFECTS OF GLASS POWDER ON PROPERTIES OF CONCRETE 

Effect on workability 

Raju and Kumar [18] studied the workability of concrete, replacing the cement with glass 
powder from 5% to 40%. The results indicated that increasing the content of glass powder, the 
workability decreased. Vandhiyan et al. [19] suggested the possible reasons for reduction in 
workability. According to their findings, the loss in workability may be due to angular particles and 
high surface area of glass powder. Topcu and Canbaz [20] studied the behaviour of waste glass in 
concrete. They concluded that the addition of waste glass marked no significant effect on the 
workability of concrete. The utilization of waste glass slightly reduced the workability of concrete. 
Pollery et al. [21] concluded that concrete made with waste glass require more water than ordinary 
concrete. Schwarz et al. [22] investigated the behaviour of plain and glass powder modified 
concrete. They reported increase in the workability as the content of glass powder was increased. 
The increase in the workability may be due to the non-absorbent nature of glass powder which 
leaves free water in the mixture. Castro and Brito [23] studied the workability of concrete containing 
glass as fine and coarse aggregate. They reported increase in the workability when glass was 
used as coarse aggregate but as fine aggregate, there was reduction in the workability. 

Effect on compressive strength 

Aliabdo et al. [1] studied the performance of concrete containing glass powder. They 
reported increase in the compressive strength up to 10% replacement of cement with glass 
powder. Beyond this level, no further improvement was observed in the compressive strength of 
concrete. Yu et al. [24] investigated the effect of glass powder in addition with steel slag on 
compressive strength of concrete. They concluded that the compressive strength of concrete 
increased as the age of concrete increased. They also investigated that the compressive strength 
become double when the water/cement ratio was decreased from 0.55 to 0.40.  Patil and Sangle 
[25] studied the effect of particle size of glass powder on compressive strength of concrete. They 
concluded that for particle size less than 90 micron, the concrete compressive strength was higher 
as compared when particle size ranges between 90 and 150 micron. They proposed 20% 
replacement of cement with glass powder as the optimum value. Tuan et al. [26] used glass 
powder with sewage sludge in light weight concrete. They concluded that there was loss in the 
compressive strength. Terro [27] replaced fine and coarse aggregate with recycled glass and 
investigated the mechanical properties of concrete. He concluded that the compressive strength 
decreased up to 20% from its original strength as the temperature increased. Parghi and Alam [28] 
studied the properties of concrete with recycled glass powder. They concluded that compressive 
strength increased with age of concrete and percentage of recycled glass powder. The higher 
strength may be due to high content of silica and alumina dissolution which contribute to 
pozzolanic reaction.  Lee et al. [29] studied the particle size as well as curing effect on concrete 
block containing fine glass powder. They concluded that compressive strength decreased as the 
particle size increased. There was almost 8.8% loss in compressive strength for 28 days at 25% 
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replacement level when particle sizes were greater than 2.38mm. When particle sizes were 
reduced to less than 600 μm, there was significant increase in compressive strength. 

Effect on tensile strength 

Madandoust and Ghavidal [32] studied the effect of glass powder with rice husk ash on 
splitting tensile of concrete for 7, 28, 42 and 90 days of curing. They concluded that the tensile 
strength increased with the age of concrete. They reported that the ratio of tensile strength of 
concrete containing glass powder with rice husk to tensile strength of normal concrete was 71% at 
7 days and 97% at 90 days of curing condition. They further stated that this ratio could be affected 
by many factors like testing method, shape and size of coarse aggregate etc. Raghvendra [33] 
investigated in his research that replacement of cement with 20% glass powder and 40% foundry 
sand achieved higher tensile strength compared to ordinary concrete. Afshinnia and Rangaraju 
[31] concluded in their investigation that practice of glass powder as aggregate, increased the 
splitting tensile strength by 21% but when cement was replaced by glass powder there was 12% 
reduction in splitting tensile strength of 28 days curing. Aliabdo et al. [1] studied the tensile strength 
of concrete by replacing cement with glass powder. They reported large increase in the tensile 
strength which may be due to the enhancement in the properties of transition zone. 

Effect on flexural strength 

Jitendra and Saiji [34] concluded in their findings that up to 35% replacement of cement 
with glass powder, improvement was seen in flexural strength but the maximum value was attained 
at 20% replacement level. Similarly other researchers like Dali and Tande (2012) and Bhagyasri et 
al. (2016) have also proposed 20% of cement with glass powder as the optimum value for flexural 
strength of concrete. The study of Park et al. [30] showed that the addition of waste glass reduced 
the flexural strength of concrete. Raju and Kumar [18] studied the variation in flexural strength by 
replacing cement with glass powder. The results showed the highest strength of 27%, 20% and 
17% compared to control mix at 7, 28 and 90 days at 20% replacement of cement by glass 
powder. Yu and Tao [24] concluded that the flexural strength increased with the age of concrete. 
Similarly when w/c ratio was reduced, large improvement was in the flexural strength for the same 
type of concrete. 

Effect on modulus of elasticity 

Madandoust and Ghavidel [32] studied the modulus of elasticity concrete containing glass 

powder. They concluded that modulus of elasticity increased as the concrete become older. The 

modulus of glass powder added concrete to normal concrete was 88% at 7 days and 97% at 90 

days of age. They further stated that concrete containing glass powder and rice husk ash are less 

compact as compared to normal concrete which results in lower modulus elasticity of concrete, but 

for long term the modulus of elasticity increased. Yu and Tao [24] investigated the effect of 

water/cement of concrete containing glass powder in addition with slag. There was significant 

increase in modulus of elasticity of concrete when water/cement ratio was reduced. 

Effect on alkali-silica reaction 

Zheng [37] investigated the role of glass powder in controlling alkali-silica reaction in 
concrete. They concluded that the alkali concentration increased in the pores due to reaction of 
glass powder, fine glass grains induced alkali-silica reaction (ASR) expansion largely. This 
mitigation was due to the increase in alumina concentration in pores, which decrease the 
dissolution of reactive silica, hence controlling the alkali-silica reaction. Schwarz et al. [22] used 
flame emission spectroscopy and electrical conductivity and measured that small amount of alkalis 
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were released from glass powder into the pore solution. Cota et al. [38] measured the ASR 
expansion for 28 days, which varied from 0.011 to 0.427. They concluded that the largest 
expansion was measured for coarse glass particles. 

EFFECT OF STEEL SLAG ON PROPERTIES OF CONCRETE 

Effect on workability 

Roslan et al. [39] studied the effect of steel slag along with steel sludge on workability of 

concrete at w/c ratio of 0.58. They concluded that as the steel slag content was increased, there 

was decrease in the workability. This decrease in workability may be due to rough surface of steel 

slag and steel sludge. Similarly they concluded that no segregation and bleeding were observed in 

placing and compacting the concrete. Netinger et al. [42] studied the increasing content of steel 

slag in the mixture and reported reduction in workability. 

Effect on air content 

Qasrawi [11] concluded from experiments that addition of steel slag increased the air 

content by 1.5-2 times the expected value for higher replacements of steel slag. These increases 

in the air content may be attributed to angular particle size of steel slag compared to natural 

aggregates. Netinger et al. [42] studied that the air content of reference concrete was 0.9% but 

increased to 2.8% due to addition of steel slag. 

Effect on fresh concrete density 

Khan et al. [40] investigated that the addition of steel slag increased the fresh density of 

control mix from 2400 kg/m3 to 2750 kg/m3. This is due to higher density of steel slag. Gonzalez-

Oretga et al. [7] investigated concrete properties containing steel slag. They concluded that density 

of concrete steel slag was 25% higher than control mix. Huang et al. [41] studied the effect of steel 

slag on density of green artificial reef concrete. The density of artificial reef concrete was 2765 

kg/m3, 15% higher than normal concrete density of 2400 kg/m3. The higher density may be 

attributed to higher the specific gravity of steel slag (3.39) compared to sand and gravel (2.4-2.9). 

This higher density may be effective against sea waves. 

Effect on compressive strength 

Gozalez-Oretga et al. [7] studied the compressive strength of concrete containing steel 

slag. The results obtained for compressive strength were satisfying the minimum strength for 28 

days of 30 MPa. The compressive strengths of concrete containing slag and control mix were 

ranging 45-50 MPa. There was 15% increase in strength between 28 days and 90 days. 

Anastasiou et al. [49] investigated the effects of steel slag with fly ash on compressive strength of 

concrete. The 28 days compressive strength was nearly equal to that of control mix. The highest 

strength of 58 MPa was obtained for 365 days, which was 17.5% more than control mix. Plankar et 

al. [46] studied the effects of steel slag as coarse aggregate on compressive strength of concrete. 

They observed loss in compressive strength when steel slag was added as coarse aggregate 

compared to control mix. This reduction may be due to coating of calcite on surface of aggregates 

which affects the bond between aggregates and paste [47]. Pang et al. [48] concluded from their 

investigation that compressive strength increased up to 20% by the addition of steel slag at 3, 7 
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and 28 days of curing. They also observed strength loss at curing age of 60 days. Qjang et al. [44] 

studied the mechanical properties of concrete at w/c ratio of 0.45 and 0.30. They concluded that 

compressive strength of concrete with 10% slag at 90 days and w/c of 0.45 was 2.4% higher than 

control mix. They concluded that compressive strength of high strength concrete is not much 

affected by addition of steel slag. The proposed 20% of cement replacement with steel slag the 

optimum value. Ghouleh et al. [45] investigated that contribution of steel slag as aggregate to 

compressive strength of concrete was similar to control mix. Qjang and Peiyu [43] observed that 

the early strength of reference concrete was higher than concrete having steel slag. After 7 days, 

the steel slag added concrete gets strength quicker than reference concrete. The 90 and 360 days 

strength of concrete with steel slag was higher than reference concrete. 

Effect on tensile strength  

Mengxiao et al. [50] compared the splitting tensile strength of concrete having fly ash and 

steel slag under temperature match curing condition. They investigated that the early age splitting 

tensile strength of concrete containing high volume of fly ash was higher than concrete with steel 

slag. The increase in later age splitting tensile strength of both type of concretes were nearly 

similar. Qasrawi [11] investigated that the use of steel slag increased the tensile strength of 

concrete. This enhancement could be attributed to angularity of steel slag which influences the 

interaction of cement matrix. San-Jose et al. [55] concluded that addition of steel slag obtained 

similar split tensile strength as that of control mix. They also investigated that there was high 

cohesion in concrete having steel slag showing good regularity in fracture behaviour than control 

mix. Sabapathy et al. [54] investigated the effect of steel slag as coarse aggregate on split tensile 

strength of concrete for 7 days and 28 days of curing. The observed that maximum tensile strength 

was obtained at 25% replacement of steel slag. Beyond this level, there was loss in split tensile 

strength which may be due to porosity of concrete due steel slag. 

Effect on flexural strength 

Roslan et al. [39] investigated in their findings that 20% of steel can be added to concrete 

without any fear of quality effect on flexural strength. Alizadeh et al. [53] investigated the flexural 

strength of concrete containing steel slag. The results showed that flexural strength of concrete 

having steel slag was higher than control mix. Netinger et al. [42] investigated the effect of 

temperature on flexural strength of concrete having steel slag. They observed that flexural strength 

of specimen having high amount of steel slag was highly affected by temperature beyond 873 K. 

The flexural strength decreased to zero beyond this temperature. 

Effect on modulus of elasticity 

Gonzalez et al. [7] investigated modulus of elasticity of steel slag added concrete for 90 

days of curing. They concluded that modulus of elasticity of steel slag added concrete was 10% 

higher than control mix. This increase may be attributed to hardness of steel slag. Netinger et al. 

[42] studied the effect of temperature on concrete having steel slag as aggregate. They concluded 

that modulus of elasticity increased up to 373 K but beyond this there was decrease in modulus of 

elasticity. Increasing temperature beyond 873K, the modulus of elasticity of control mix was 31% 

and concrete having slag was 23% of its initial values. Khan et al. [40] concluded in their 

investigation that addition of steel slag increased the modulus of elasticity of concrete. This could 
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be attributed to high crushing strength of concrete (Airey et al., 2004) and its irregular surfaces 

which makes the bond stronger (Zhou et al., 1995). 

Effect on fire resistance of concrete 

Netinger et al. [42] analysed the temperature effects on concrete containing steel slag. 

They concluded that slag in combination with Portland cement could not provide satisfactory 

resistance of concrete against fire. As the coefficient of thermal expansion of slag is higher, which 

causes deterioration of contact between aggregate and cement paste. 

CONCLUSION 

 Glass powder shows good performance in concrete. The optimum value of glass powder in 

the concrete is 20%. Beyond this level reduction occurs in the mechanical properties of 

concrete. The air content improves as the glass powder content increases in the mixture. 

Similarly increase in the workability occurs with the addition of glass powder. 

 Mechanical properties of concrete with steel slag are highly influenced by particle size of 
steel slag. Fine particles results good or similar mechanical properties compare to normal 
concrete. The increasing content of steel slag have adverse effects on properties of 
concrete, higher the content of steel slag lesser will be the results for mechanical properties 
compared to control mix. 
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ABSTRACT 

In the study of crack resistance of steel fiber reinforced concrete in steel fiber on concrete 
deformation ability and prevent the Angle of the micro cracks, and the lack of overall evaluation on 
the performance of steel fiber reinforced concrete crack. By tinder barrier-free restrain some 
experimental research on steel fiber ceramsite concrete shrinkage ring crack resistance, and use 
the test results within the definition of steel ring strain from expansion to contraction cut-off age for 
early and late ages, and the ages of the cut-off point for the early and the late steel fiber ceramsite 
concrete anti-cracking performance evaluation. The results show that the anti-cracking properties 
of the steel fiber ceramic concrete are improved with the increase of steel fiber content. 

KEYWORDS 
  

Alkali slag cement, No diaphragm shrinkage ring, Concrete structure, Evaluation of crack 
resistance  

INTRODUCTION 

The shrinkage cracking of high performance concrete is one of the problems frequently 
encountered in engineering. Shrinkage ring test, based on some constraints can be used to study 
regeneration powder admixture of concrete shrinkage cracking tendency, the influence of the 
research shows that some reasonable constraint shrinkage ring test to evaluate the ability of 
resisting shrinkage cracking of concrete [1]. Different scholars for related research was conducted 
on the crack resistance of steel fiber reinforced concrete, steel fiber can prevent the expansion of 
the internal micro cracks of concrete added, and increase the tensile strength of concrete, and then 
against the improvement of the performance of the crack [2-3]. In this paper, the anti-cracking 
performance of the regenerated aggregate concrete with different presenting degree can be 
evaluated by partial constraint shrinkage ring test [4]. Literature [5] proposed a quick evaluation 
method for the anti-crack performance of lightweight aggregate concrete with the restraint 
shrinkage ring. 

This paper proposes a more simple part with partition with constraint shrinkage ring crack 
resistance of concrete fast evaluation method, and evaluation by the method caused by 
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autogenous shrinkage of steel fiber reinforced ceramists concrete anti-cracking performance of 
(SFRCC). 

TEST 

1. Raw Materials and Proportion 

1: Cement: use Sichuan refined stone brand 42.5R regular Portland cement, apparent 
density 3050kg/m3, 28day compressive strength of 45 MPa. 

2: Steel fiber: shear wave shape steel fiber produced by Zhejiang Haining Bonn metal 
products co., LTD. 

3: Ceramic granule: adopt the ceramic pellet of Yichang, Yichang, Hubei. 

4: Fine aggregate: the Kawjiang river sand with a fineness modulus of 2.5, the stacking 
density of 1481 kg/m3, the apparent density of 2590 kg/m3. 

5: Water: use tap water in Chengdu area. 

6: Water reducing agent: using twin-js polycarboxylic acid water reducing agent produced 
by Sichuan institute of building science, the water reducing rate is 15~18%.In this experiment, the 
ceramists presetting 1h was used in this experiment, and the design of the variation parameters 
with the steel fiber content was shown in Table 1. Test condition is based on air temperature is 25 
℃, humidity is 86%. 

Tab. 1 - Concrete mixture ratio [kg/m3] 

       
Component 

Numbering 

Cement（
kg/m3) 

Sand 

（
kg/m3) 

ceramsite 

（kg/m3) 

Water 

（
kg/m3) 

Water reducing 
agent 

（kg/m3) 

Steel fiber volume 
rate 

Vf（%） 

SF00 476 698 583 167 8 0 

SF05 476 698 583 167 8 0.5 

SF10 476 698 583 167 8 1 

SF20 476 698 583 167 8 2 

 

2. Test  Method 

2.1 Partial constraint shrinkage ring test device 

Restrain some shrinkage ring test, some constraint shrinkage ring device is in the literature 
[5-6] research concrete crack resistance device, which on the basis of the original device is 
equipped with diaphragm in the concrete ring, this experiment adopts some constraints, remove 
the diaphragm shrinkage ring device. The purpose of the partition plate is to produce stress 
concentration and accelerate the appearance of concrete ring cracks in the partition. But due to the 
crack evaluation index (area method) to evaluate, the cracking of do not need to be visible to the 
naked eye[5], surrounded by a certain age crack coefficient is included in the area of internal micro 
cracks of concrete information [9].This not only simplifies the device, but also can meet the 
requirements of rapid evaluation. The improved part constraint shrinkage ring device schematic 
diagram is shown in Figure 1, strain gauge sets, steel ring inside height 1/2, 1 (point 1) strain 
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gauge set with 2 (point 2) strain gauge is just right across the street at 180 °. The specific 
dimensions of the device are shown in Table 2. 

                

Fig.1 -  No partition device schematic part shrinkage 

Injection: 1- The tablet; 2- The steel ring; 3- The steel ring; 4- Concrete ring; 5- Strain gauge 
1; 6- Strain gauge 2; 7- Bolts of fixed outer ring; 2rec- The outer diameter of the concrete ring; 2ric 

(2res)- Outer diameter of the inner diameter or inner ring of a concrete ring; 2ris - Inner diameter of 
inner steel ring; H- The height of a concrete ring or steel ring. 

 

Tab. 2 - The size of the ring test device is constrained by the constraint of the partition [mm] 

2rec 2ric (2res) 2ris H 

395 315 299 100 

2.2 The Test Results 

In partial constraint shrinkage ring test, the development of the inner steel ring strain 
(epsilon st) (the average of measurement point 1 and point 2) is shown in Figure 2. 
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Fig.2 - Internal steel ring strain 
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3. Basic Mechanical Properties Test 

Basic mechanical properties of concrete test according to the specification of ordinary 
concrete mechanics performance test method standard (GB50081-2002-T) [7], measurement of 
different steel fiber content of ceramsite concrete 1d., 2d, 3d, 5d, 7d and 14d and 28d compressive 
strength, splitting tensile strength. According to the standard of normal concrete long-term 
performance and endurance performance test method (GB/T 50082-2009) [8],the dt-15 moving-
mode meter was used to measure the elastic modulus of sfr1d, 2d, 3d, 5d, 7d, 14d and 28d of 
SFRCC. The test results are shown in Tables 3-5. 

Tab. 3 - Compressive strength [MPa] 

Group number 

 

Age 

SF00 SF05 SF10 SF20 

1d 15.19 20.15 15.46 16.91 

2d 22.01 26.39 23.15 24.52 

3d 25.77 29.63 27.50 28.74 

5d 29.90 33.07 32.37 33.43 

7d 32.38 35.07 35.31 36.24 

14d 36.58 38.38 40.39 41.04 

28d 39.81 40.86 44.32 44.74 

 

Tab. 4 - Splitting tensile strength [MPa] 

     Group number 

Age 
SF00 SF05 SF10 SF20 

1d 2.06 2.43 3.25 4.45 

2d 2.33 2.75 3.54 4.67 

3d 2.46 2.91 3.68 4.78 

5d 2.59 3.06 3.81 4.87 

7d 2.66 3.15 3.89 4.93 

14d 2.77 3.28 4.01 5.01 

28d 2.85 3.38 4.09 5.07 
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Tab. 5 - Dynamic modulus of elasticity [GPa] 

     Group number 

Age SF00 SF05 SF10 SF20 

1d 21.64 21.19 22.87 23.04 

2d 23.77 23.53 25.05 25.19 

3d 24.77 24.63 26.06 26.18 

5d 25.74 25.72 27.07 27.17 

7d 26.28 26.32 27.62 27.71 

14d 27.13 27.28 28.50 28.57 

28d 27.74 27.96 29.12 29.18 

According to European standard [9], the use of 1 d, 28 d compressive strength, splitting 
tensile strength and elastic modulus formula of fitting, calculate the splitting tensile strength of each 
age, other smaller error between the theoretical value and the measured values is calculated 
[10].The development of the tensile strength during the period of 14d of the ceramic concrete with 
different steel fiber content is shown in Figure 3. 
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Fig. 3 - Splitting tensile strength at different ages 
 

4. Evaluation of Crack Resistance 

In the partial constraint shrinkage ring test, the equilibrium relation between the inner ring 
and the concrete ring is obtained, and the cyclic tension stress can be calculated by Equation (1) 
[5]. 

( )st st st
c s st

c c

h E h
t

h h
                            （1） 

In this paper, ( )
c

t is the cyclic tensile stress of the concrete ring during the phase of the 

shrinkage ring in the circumferential ring test is restricted; ( )
s

t  is the circumferential stress of the 
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inner steel ring at the age of t; stE is the elastic modulus of inner steel ring (195GPa); sth is the inner 

steel ring thickness (12mm); ch is the thickness of the concrete ring (40mm),that is ( )
ec ic

r r or

( )
ec es

r r . 
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Fig. 4 - Relationship between concrete ring stress and age 
 

ANALYSIS AND DISCUSSION  

1. Evaluation Index of Crack Resistance 

This paper presents a quick evaluation method for the crack resistance of concrete, There 

are two concepts of cracking coefficient ( )t t and anti-crack evaluation index ( )
cr

A t [5]. The cracking 

coefficient ( )t t is the cyclic stress of concrete at the age of age with the tensile strength of 

concrete is corresponding ( )tf t the ratio of tensile strength instead of the tensile strength is used in 

this paper, as shown in formula (2). 

 
 

 
c

t

t

t
t

f t


                               （2） 

Anti-crack evaluation index ( )
cr

A t is the concrete cracking coefficient ( )t t the integral of 

phase t, As shown in formula (3). 

 
 

 
 

0 0

t t
c

cr t

t

t
A t dt t dt

f t


                      （3） 

The cracking coefficient of concrete ( )t t with the diagram of relationship diagram of age t is 

shown in Figure 5 (In this case, the decrease of the coefficient of cracking coefficient due to 
temperature change is not considered) 

According to formula (2), the cracking coefficient of SFRC can be obtained with the 
development rule of the age. As shown in Figure 5, the anti-crack evaluation index is obtained by 
formula (3) as shown in Table 6. 
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Fig. 5 - Relationship between cracking coefficient and age 

Tab. 6 - Crack resistance evaluation index [d] 

Group number SF00 SF05 SF10 SF20 

Early phase -0.081 -0.063 -0.052 -0.034 

Lately phase 9.88 6.56 5.30 3.87 

Total 9.80 6.49 5.24 3.83 

 

2. Anti-cracking performance evaluation method 

Based on the literature [5] based on the anti-crack evaluation method based on partial 
constraint shrinkage ring test, the anti-cracking performance of SFRCC can be evaluated 
according to the following methods: 

1. The anti-cracking performance of SFRC is better than that of SFRCC in the descending 
segment; 

2. In the case of SFRCC for the cracking coefficient, the size of the anti-crack evaluation 

index (14)
cr

A of 14d phase is compared, and the larger the (14)
cr

A is, the better the anti-crack 

performance of the SFRCC; 

3. For the cracking coefficient, the SFRCC is not reduced, and the size of the anti-crack 

evaluation indicator (14)
cr

A in 14d phase is compared, and the smaller (14)
cr

A is, the better the 

anti-crack performance of SFRCC; 

The Figure 5 shows that SF00 SF05, SF10, cracking coefficient of SF20 group were only 

rise period, the Table 5 shows that SF20 (14)
cr

A minimally, followed by SF10, then SF05, SF00 

group of (14)
cr

A is the largest, so the crack resistance order from good to bad SF20 > SF10 > SF05 

> SF00.Therefore, the anti-cracking performance of SFRC increases with the increase of steel 
fiber content.This conclusion is confirmed by literature[4-5], indicating the correctness of the 
evaluation method. 
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3. Early and late crack resistance 

The heat of the cement hydration reaction causes the concrete ring temperature to rise, the 
concrete ring heat transfers to the inner steel ring, so that the inner steel ring temperature also 
rises, then the inner steel ring expands.After the expansion of the concrete ring due to shrinkage 
and increase of elastic modulus, the concrete ring is strengthened by the contraction of the inner 
steel ring, resulting in the inner steel ring from expansion to contraction.For different types of 
concrete, the change of heat, elastic modulus and shrinkage of the water reaction are different, 
which can lead to different time points of internal steel ring strain from expansion to 
contraction.This time point is defined as the early and later boundary point of concrete, and the 
early and later boundary points of different steel fiber content are shown in Table 6.As can be seen 
from Table 7, the quantity of steel fiber has little effect on the age of dividing point.  

Tab. 7 - The age of demarcation between early and late [d] 

SF00 SF05 SF10 SF20 

1.44 1.40 1.42 1.33 

Put some constraints in Figure 5 the cracking coefficient of shrinkage ring test according to 
the early and late departure, get SFRCC law of development of early and late cracking coefficient 
along with age as shown in Figure 6, the corresponding crack evaluation index calculation results 
are shown in Table 6. 
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（a）Early period                                       (b)Later period 

Fig. 6 - Relationship between cracking coefficient and age at early and late stages 

The Figure 6, Table 6 shows that in some parts of the constraint shrinkage ring test, the 

early cracking of SFRCC coefficient ( )
t

t and anti-crack evaluation index ( )
cr

A t is negative, its value 

is less than the total 1%, negligible, so can be directly used in the late of anti-crack evaluation 
index to evaluate the anti-cracking performance of concrete.Late evaluation index with ceramsite 
concrete crack resistance of steel fiber content increase and decrease, so the late SFRCC crack 
resistance along with the increase of steel fiber content increased, the consistent with SFRCC 
overall cracking index evaluation result. 
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CONCLUSIONS 

(1)  The constraint shrinkage ring experiment, exist in the steel ring strain from expansion to 
shrink, the moment the ages of the corresponding defined as the cut-off point of early and 
late ages, steel fiber content of steel fiber ceramsite concrete cut-off (SFRCC) age. 

(2)  Based on the concept of partial constraint shrinkage loop test and cracking coefficient ( )t t

 and cracking evaluation index  tAcr , the evaluation method of anti-cracking performance of 

SFRCC is given. 

① The anti-cracking performance of SFRCC is better than that of SFRCC in the 

descending segment; 

② The crack coefficient appears to be in the lower part of SFRCC, and the size of the 

anti-crack evaluation index (14)
cr

A in 14d phase is compared, and the larger the

(14)
cr

A is, the better the anti-crack performance of the SFRCC; 

③ For the cracking coefficient of SFRCC, the size of the index (14)
cr

A of the anti-crack 

evaluation index of 14d phase was compared, and the (14)
cr

A  was smaller, the 

better anti-crack performance of SFRCC is. 

(3)  Early anti-crack evaluation indexes are small and can be ignored, and the anti-cracking 
performance of SFRCC can be correctly evaluated by using the anti-crack evaluation index 
and the total anti-crack evaluation index. 

(4)  The anti-cracking performance of SFRCC increases with the increase of steel fiber content. 
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EXPERIMENTAL AND NUMERICAL INVESTIGATION OF 
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Fan Haobo1, 2, Yu Deqiang2, Zhao Dongping1, Lai Jinxing2, Xie Yongli2 

1.  China Railway Eryuan Engineering Group Co. Ltd, Chengdu, 610031,China. 
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ABSTRACT 

To study the effect of blasting-induced vibration on ground buildings when tunnel 

undercrossing a village, a blasting vibration trial was carried out in Beizhuang tunnel in Henan 

Province, China. The safety blasting distance and reasonable explosive charge were pre-estimated 

according to empirical formula. The attenuation of ground vibration velocity was simulated using a 

3D numerical model. Less explosive charge and longer distance to blasting source would result in 

lower ground vibration. When designed explosive charge was 54 kg, the safe distance was 42.26 

m. While the distance between building and blasting source was about 37 m, the maximum 

explosive charge was 36.24 kg. The numerical results showed that the significantly horizontal affect 

region of blasting vibration was within 50 m to blasting source. Accordingly, effective vibration 

control is necessary to avoid disturbing human daily life during tunneling. 

KEYWORDS 

Tunnel undercrossing a village, In-situ test, FEM, blasting vibration, safe distance, 

reasonable explosive charge 

1.  INTRODUCTION 

Various highway tunnels were constructed in China in last two decades to meet economy 

development and transportation function. For the purpose of economy and security, drilling and 

blasting are widely used in the construction of tunnel. Consequently, part of the explosive energy 

converts into seismic waves, which may cause somewhat damage to ground buildings [1, 2]. Gong 

et al. [3] suggested that a field blasting trial and vibration monitoring was necessary before 

tunnelling under buildings in a railway tunnel case study. Xia et al [4] and Li et al [5] studied the 

effects of tunnel blasting on surrounding rock and the lining systems of adjacent existing tunnels, 

respectively, and proposed some possible schemes of vibration control to ensure the safety of the 
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existing tunnels. Singh [6] conducted filed investigations for several coal mines in India to analyse 

the effect of blasting on adjacent coal mines. Umit [7] investigated the ground vibration induced by 

blasting during the construction of the Istanbul Kadıköy–Kartal metro tunnel, and the particle 

velocities and frequency values of all blast events were evaluated according to Turkish 

Environmental Regulation [8]. In order to comprehensively understand the dynamic responses of 

tunnel and building to blasting vibration, numerical model was introduced to precisely analysis of 

in-situ data.  

Jiang et al. [9], Zhu et al. [10] and Xu et al. [11] established a 3D nonlinear constitutive 

model to investigate the variation of internal force and settlement during the tunnel excavation, 

respectively. Tian and Li [12] introduced a numerical simulation in a different model to analyse the 

dynamic responses of building to ground shock induced by an explosion in tunnel. Numerous 

experiments have established to study response of building to blasting waves induced by the 

explosion in tunnel [13-15]. The optimal scheme of blasting explosive in new tunnel construction 

was argued by Wang et al [16] and Shao et al. [17, 18] in a numerical model using 

ANSYS/LS-DYNA program. However, little research has been carried out to discuss the 

blasting-induced ground vibration in tunnelling under cross a village. In this work, the 

blasting-induced ground vibration when tunnelling under cross a village was in-situ tested and 

numerical studied in Beizhuang tunnel in Henan province, China. The safety distance of blasting 

construction was evaluated by using the empirical formula [20-23]. The designed explosive charge 

of the shallow area was also optimized according to the safety distance. Significantly affect region 

of blasting vibration was obtained through the numerical experimental. The research results have 

provided guidance for the blasting excavation of Beizhuang tunnel, also guaranteed the safety of 

ground buildings. 

2.  TEST SITE DESCRIPTIONS 

The Beizhuang tunnel undercrossed Beizhuang village, in Gongyi, China (Figures 1 and 2). 

The length of the left line is about 2505 m, and its range is ZK20+130-ZK22+635. While the length 

of the right line is 2530 m, and its range is YK20+085-YK22+615. The width and the height of the 

tunnel are 10.75 m and 7.10 m, respectively. The surrounding rock of the tunnel is mainly 

weathered limestone. The range of undercrossing section is K20+400-K20+900, and the depth of 

the tunnel is 37-55 m. The Beizhuang village was densely built, and most of the buildings were 

masonry structure and fragile to vibration. 

The tunnel was constructed by bench method, and its surrounding rock belongs to grade IV. 

Given the cost of construction, especially in terms of time and security, the drilling and controlled 

blasting method was adopted when tunnelling, and the tunnelling footage is from 1.0 m to 1.2 m. 
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Fig. 1 - The Beizhuang tunnel 

 

 

Fig. 2 - The profile diagram of tunnel undercross Beizhuang village 
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3.  IN-SITU TEST 

3.1.  Test scheme 

The section of the tunnel beneath Beizhuang village was subjected to short footage and 

weak blasting. Vibration data was acquired by REFTEK130B seismograph (US), the sensor was 

GURALP (UK). Sensor was installed to test point by gypsum, if the test point is on the hard rock, 

just fixed it on rock surface, in case of weathered rock, the weathered layer should be removed and 

then build concrete pier for fixing. 

To obtain the ground vibration velocity, 5 testing points were placed along centre lines of the 

tunnel. The layout diagram of test points was shown in Figure 3. 

 

Fig. 3 - The layout diagram of test points for blasting vibration 

To study the influence of tunnel blasting on buildings, the blasting test was carried out at 

ZK20+470 and YK20+510 in main tunnel and ZK20+400 and YK20+415 in pedestrian cross hole, 

respectively. Test points were placed from section ZK20+472 to YK20+510, with space of 25-55 m. 

The explosive charge for blasting was 54 kg for main tunnel and 9 kg for pedestrian cross hole. The 

distance between test the point and the blasting point along left line and right line of tunnel was 

shown in Tables 1 and 2, respectively. 

Tab. 1 - The distance between testing point and blasting point along left line of tunnel 

Test points Z1 Z2 Z3 Z4 Z5 

Location ZK20+472 ZK20+507 ZK20+532 ZK20+562 ZK20+617 

Horizontal distance away from the blasting 

point(main tunnel ZK20+470 )/m 
2 37 62 92 147 

Spatial distance away from the blasting point 

(main tunnel ZK20+470 )/m 
44.9 60.2 80.5 107.0 157.6 

Spatial distance away from the blasting point 

(pedestrian cross hole ZK20+400)/m 
85.5 117.2 141.0 170.8 224.1 
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Tab. 2: The distance between test point and blasting point along right line of tunnel 

Test points Y1 Y2 Y3 Y4 Y5 

Location YK20+510 YK20+535 YK20+565 YK20+595 YK20+645 

Horizontal distance away from the blasting 

point(main tunnel YK20+510 )/m 
0 25 55 85 135 

Spatial distance away from the blasting 

point (main tunnelYK20+510 )/m 
44.9 51.6 72.6 98.2 144.3 

Spatial distance away from the blasting 

point (pedestrian cross holeYK20+415)/m 
102.2 129.4 157.9 187.1 236.3 

3.2.  Analysis of blasting vibration velocity 

The high frequency part of the blasting seismic wave was wholly absorbed by the soil, while 

the low frequency part could propagate for a long distance [24-27]. The maximum ground vibration 

velocity was calculated according to the maximum amplitude of horizontal wave. The peak particle 

velocity (PPV) at each test point in main tunnel was shown in Table 3, and the PPV at each test 

point in pedestrian cross hole was shown in Table 4. The attenuation of vibration velocity on ground 

surface due to blasting in main tunnel and pedestrian cross hole were shown in Figures 4 and 5. 

Tab. 3 - The PPV at each test point in main tunnel 

Testing 

point 

Explosive 

charge 

(kg) 

Horizontal 

distance 

(m) 

Spatial 

distance 

(m) 

Vmax 

(cm/s) 

 

 

Testing 

point 

Explosive 

charge 

(kg) 

Horizontal 

distance 

(m) 

Spatial 

distance 

(m) 

Vmax 

(cm/s) 

Z1 54 2 44.9 1.366  Y1 54 0 44.9 1.313 

Z2 54 37 60.2 1.021  Y2 54 25 51.6 1.174 

Z3 54 62 80.5 0.852  Y3 54 55 72.6 0.64 

Z4 54 92 107.0 0.426  Y4 54 85 98.2 0.388 

Z5 54 147 157.6 0.142  Y5 54 135 144.3 0.088 

Tab. 4 - The PPV at each test point in pedestrian cross hole 

Testing 

point 

Explosive 

charge 

(kg) 

Horizontal 

distance 

(m) 

Spatial 

distance 

(m) 

Vmax 

(cm/s) 

 

 

Testing 

point 

Explosive 

charge 

(kg) 

Horizontal 

distance 

(m) 

Spatial 

distance 

(m) 

Vmax 

(cm/s) 

Z1 9 72 85.5 0.508  Y1 9 90 102.2 0.561 

Z2 9 107 117.2 0.388  Y2 9 120 129.4 0.459 

Z3 9 132 141.0 0.412  Y3 9 150 157.9 0.388 

Z4 9 162 170.8 0.223  Y4 9 180 187.1 0.132 

Z5 9 217 224.1 0.034  Y5 9 230 236.3 0.028 
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Fig. 4 - Attenuation of vibration velocity on ground surface due to blasting in main tunnel 

 

Fig. 5 - Attenuation of vibration velocity on ground surface due to blasting in pedestrian cross hole 
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It is obvious that less explosive charge and longer distance to blasting source could greatly 

slower vibration velocity on ground (Tables 3 and 4). When explosive charge is 54 kg, the maximum 

ground vibration velocity of left tunnel attenuated from Vmax = 1.366 cm/s (Z1) to Vmax= 0.142 cm/s 

(Z5), and that of the right tunnel attenuated from Vmax = 1.313 cm/s (Y1) to Vmax = 0.088cm/s (Y5). 

When explosive charge was 9 kg, the maximum ground vibration velocity of left tunnel attenuated 

from Vmax = 0.508cm/s (Z1) to Vmax = 0.034cm/s (Z5), and that of the right tunnel attenuated from 

Vmax = 0.561cm/s (Y1) to Vmax = 0.028cm/s (Y5). 

As the Figure 4 shows that the vibration velocity on ground surface due to blasting 

construction attenuates faster within the horizontal range of 50m. It is observed from Figures 4 and 

5 that the vibration velocity due to blasting construction in pedestrian cross hole is far less than that 

in main tunnel, which is mainly associated with the decrease of explosive charge and increase in 

distance to blasting point. 

The buildings above Beizhuang tunnel were defined to sustain blasting vibration velocity of 

2.0 -2.5 cm/s, within the range of 10 Hz of frequency [28]. The maximum ground vibration velocity 

was 1.366 cm/s, so the ground buildings were safe when the designed explosive charge was 

approximate 54 kg. 

3.3.  Prediction of safe distance and reasonable explosive charge 

Except for explosive charge and distance to blasting source, propagation of seismic wave 

was also influenced by charge measures, detonation mode and stratum characteristic. However, 

only the empirical formula (1) was commonly applied in engineering field [20-23]: 

1/3
( / )v K Q R


                                  (1) 

Where v  is the PPV; Q  is maximum explosive charge of each blasting; R  is the distance 

of test point to blasting source; K and   are the factors to reflect the influence of non-primary 

factors, which could be determined by regression analysis of in-situ test data. 

Millisecond detonation was adopted in the blasting of Beizhuang tunnel, the explosive charge 

Q =54 kg. Formula (2) was obtained when substitute vibration velocity at each test point and the 

distance to blasting source into formula (1): 
1/3

1 1

1/3

2 2

( / )

( / )

......

( / )












m

n n

v K Q R

v K Q R

v K Q R

                               (2) 

Then K = 250,  =2.0 were got from formula (2). 

Then, the safety distance for blasting and reasonable explosive charge for Beizhuang tunnel 

could be got by formula (1) and the maximum tolerant vibration velocity. 
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a.  Prediction of safety distance for blasting in Beizhuang Tunnel 

When the designed explosive charge maxQ  and maximum tolerant vibration velocity maxv  

are given, the safety distance is: 

 
1/1/3

min max max
/R Q K v


                             (3) 

The designed explosive charge of Beizhuang Tunnel is 54 kg and the maximum tolerant 

vibration velocity defined in literature [28] is 2.0 cm/s, so the safe distance could be obtained from 

the formula (3): 

minR =42.26 m 

b.  Prediction of reasonable explosive charge for Beizhuang Tunnel 

When the allowable designed vibration velocity maxv  and the distance between ground 

surface and blasting source R are given, the allowable maximum explosive charge is: 

 
3/3

max
/Q R v K




                           (4) 

If the designed explosive charge maxQ = 54 kg is adopted, the safety distance for blasting is 

42.26 m according to the above discussion. While the depth of the section of Beizhuang tunnel is 

37-50 m, and the distance between some of buildings and blasting point is shorter than the defined 

safe distance, so the designed explosive charge should be cut down in shallow part. The calculation 

was carried out according to the minimum depth (R = 37 m) of the tunnel, so the explosive charge 

Qopt could be gained from formula (4): 

Qopt = 36.24 kg 

4.  NUMERICAL INVESTIGATION 

It was very difficult to obtain complete field data due to various limitations in-situ, in that 

case, a 3D numerical model was set up in MIDAS/GTS [29] to comprehensively analysis the ground 

vibration velocity induced by blasting in the right tunnel of Beizhuang tunnel. 

4.1.  Numerical model 

The model was built according to in-situ engineering conditions. The tunnel was one centred 

circle section with net width of 10.75 m and net height of 7.10 m, the building size was 10×10×6 m 

(L×W×H), and bottom size of the model was 40×180 m (L×W). The model height referred to the 

depth of the section from YK20+500 to YK20+680 of the Tunnel, was 44-53 m. The surrounding 

rock was subject to Mohr-Coulomb yield criteria, with surface spring built on its surrounding. The 

simulated explosive charge was about 54 kg. Parameters of the model were shown in Table 5. 
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Tab. 5: Parameters of the model 

Materials Category 
Modulus of elasticity 

E（MPa） 

Poisson's ratio 

μ 

Bulk density 

γ（kN/m3） 

Cohesive force 

C（kPa） 

Friction angle 

φ（°） 

Weathered limestone 19 0.29 24 1500 40 

Building 25 0.18 28 0 0 

4.2.  Analysis of ground vibration velocity 

Since section YK20+510 was right above the blasting point in the tunnel, the influence of 

blasting vibration on ground was significant. The testing point on this section was selected as the 

typical section to obtain the waveform chart of three-component blasting vibration velocity (Figure 

6). In order to facilitate analysis, it is defined that X was the direction normal to axial line of tunnel, 

namely, transverse direction; Y was the direction along axial line of tunnel, namely longitudinal 

direction; Z was the direction normal to ground surface, namely vertical direction. 

 

Fig. 6 - The typical waveform (Y=0m) 

As shown in Figure 6, the vibration velocities along X direction and Y direction were much 

higher than that of Z direction, and the maximum vibration velocity at Y=0 m is 1.67 cm/s. The 

vibration velocity attenuated faster within the first 100 ms after blasting. The velocity nephograms of 

ground with time were shown in Figure 7. 
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(a) t=10 ms 

 

(b) t=20 ms 

 

(c) t=40 ms 

Fig. 7 - Velocity nephograms of ground with time 
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(d) t=80 ms 

Fig. 7 - Velocity nephograms of ground with time 

Figure 7 clearly displays the distribution of ground vibration velocity within 10 ms, 20 ms, 40 

ms and 80 ms after blasting. When t =10 ms, vibration is only generated around blasting source. 

The maximum vibration velocity takes place at the point of Y=0 m and the PPV on the ground is less 

than that of the top of building. The seismic wave propagates in strata and attenuated gradually with 

the increase of time. When t=80 ms, the seismic wave propagates to the point of Y=135 m, and the 

corresponding PPV of this point is 0.068 cm/s, however, the PPV of the point Y=0 m attenuates to 0 

cm/s at the same time. 

4.3.  Comparative analysis of test results and simulation results 

In order to analyse the distance-dependent attenuation of the ground vibration velocity, a 

comparative study between simulation results and test results was conducted using the ground 

PPV along the axial direction (Y direction) of tunnel. The attenuation of the ground vibration velocity 

vs. horizontal distance was shown in Figure 8. 
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Fig. 8 - Attenuation of the ground vibration velocity vs. horizontal distance 

The simulation curve indicates that the farther the distance to blasting source, the smaller 

the ground vibration velocity. When horizontal distance is Y=50 m, the maximum ground vibration 

velocity is 0.52 cm/s, which is only one third of that of Y=0 m. After the point of Y=50 m, the 

attenuation of ground vibration velocity is slowed. Since the soil was supposed to be uniform and 

continuous in numerical calculations, the simulation results were fairly ideal. Therefore, the ground 

vibration velocity in numerical calculations is slightly higher than that of in-situ test within 30 m 

horizontally, and it attenuates quickly. The main attenuation area of ground vibration velocity is 

within 50 m (Figures 7 and 8), so buildings within this area should be protected during blasting 

construction. 

5.  CONCLUSIONS 

For the purpose of safety and economy, it is quite essential to determine the safe distance 

and design a reasonable explosive charge in tunnelling under cross a village. Experimental and 

numerical results about Beizhuang tunnel are as following: 

(1) The blasting induced ground vibration velocity is closely associated with explosive 

charge and distance to blasting source. Less explosive charge and longer distance to blasting 

source lead to lower ground vibration velocity and less damage to ground building. 
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(2) When the explosive charge is around 54 kg, the maximum PPV is 1.366 cm/s, which is 

lower than the maximum vibration velocity allowed for building in masonry structure. 

(3) When the distance between building and blasting source is more than 42.26 m, the 

explosive charge of 54 kg is relatively safe. While the blasting point is 37 m to building, the 

maximum explosive charge is 36.24 kg.  

(4) With the increase of horizontal distance to blasting source, the ground vibration velocity 

attenuates rapidly. The main attenuation area for ground vibration velocity is within 50 m horizontal 

to the blasting source, which is also the significant affect region of blasting vibration. 
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ABSTRACT 

Numerical simulation of a progressive collapse of structures using computer has a very 
actual apprehension for structural engineers due to their interest in structures veracity estimation. 
This simulation helps engineers to develop methods for increasing or decreasing the progressive 
failure. Finite Element Method (FEM) is the most computer simulation analysis currently used to 
perform a structural vulnerability assessment. Unfortunately, FEM is not able to automatically 
analyze a structure after element separation and collision which has a great effect on a structure’s 
performance during collapse. For instances, a bombing load can cause damage to a main 
supporting column in a structure, which will cause debris flying at a very high velocity from the 
damaged column. This debris can cause another local failure in another column upon impact and 
lead to the progressive collapse of the whole structure. A new simulation technique, which was 
developed in 1995 as part of Tagel-Din’s doctoral research, called Applied Element Method (AEM) 
can simulate the structure’s behaviour from zero loading until collapse, through the elastic phase, 
opening and propagation of cracks, yielding of reinforcement bars and separation and collision of 
elements. This method is used in Extreme Loading for Structures software (ELS) by Applied 
Science International (ASI). In the current paper, a brief description of the AEM is given. Also, 
numerical modelling based on two experimental studies available in the literature conducted by 
Ahmadi et al. [1] and Yi et al. [2] are generated using ELS. These models are used to confirm the 
capability of AEM in simulation the progressive collapse behaviour of structures. Also, the models 
are utilized to examine and measure the structural resisting mechanisms of reinforced concrete 
structures against progressive collapse. The obtained numerical results indicated that, ELS can 
accurately model all structural behaviour stages up to collapse. A better agreement between the 
experimental and numerical results is observed. Moreover, the results obtained with ELS indicated 
an enhanced agreement with other software packages such as; OpenSees, Ansys, Abacus, and 
MSC Marc. 
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Progressive collapse, Reinforced concrete frames, Applied element method, Extreme loading 
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1. INTRODUCTION 

The prevention of progressive collapse lies primarily in the appropriate and effective 
analysis of the structures having high potential to progressivity. To minimize the progressive 
collapse risks, the structural system of the building should be able to bear the removal of one or 
more structural elements and redistribute their loads on the neighbouring elements, so that 
disproportionate collapse would not take place. 

Many definitions for progressive collapse phenomenon are given in buildings codes and 
standards such as ASCE 7-05 [3] and GSA [4]. Other definitions can be found in the related 
literature such as Nair [5] and Ellingwood & Dusenberry [6]. 

Progressive collapse of a building could be caused by man-made accidental extreme 
loadings such as car accident, explosion of gas or steam services system, or an aircraft crash. The 
failure of the structural member can be also due to intentional loading that aims the structure failure 
like using a bomb in a criminal or structure demolition. Another cause for the structural component 
loss is natural hazards like hurricanes, tornados, floods, fires, or earthquakes. Mistakes in design 
and construction or overload due to change of use or structural modifications can also lead to 
structurally significant abnormal loadings. 

Because of such collapses, many international structural codes and standards started to 
consider the progressive collapse resistance that help owners, developers, and engineers in 
designing building facilities for withstanding progressive collapse effect. These codes and 
standards differ in dealing with the progressive collapse in different ways such as the definition of 
progressive collapse, the used load combination, consideration of lateral load, approaches for 
progressive collapse threshold, and acceptance criteria. Among the codes that discussed the issue 
of progressive collapse are the Interagency Security Design Committee (ISC) [7], the British 
standards (BS 5950-1) [8], the General Services Administration (GSA) published in 2003 [4], and 
the Unified Facilities Criteria (UFC) by Department of Defense, USA published in 2005 and 2009 
[9]. However, regardless of the level of protection of the building, progressive collapse prevention 
should be achieved to allow for timely evacuation of the tenant to save lives. 

Design codes use direct and indirect design methods for protection against progressive 
collapse. The indirect design method prevents progressive collapse by providing a minimum level 
of strength, continuity and ductility of the structure. The direct design method explicitly considers 
resistance to progressive collapse during the design process. ASCE7-05 [3] has proposed specific 
local resistance (SLR) and alternative load path (ALP) methods for direct designs. SLR requires 
that the building, or parts of the building, provide sufficient strength to resist load. In this method, 
the strength and ductility of critical elements can be determined during the design process. On the 
other hand, ALP allows local failure of structural members; however, it prevents extensive 
structural failure by providing an alternative load path. When a structural member fails, the energy 
stored in the damaged structural members is released and causes additional loading on the other 
structural members, which changes the load transmission paths. If the adjacent structural member 
has enough capacity and ductility to bear the additional load, the structural system forms an ALP to 
transfer the load. This method analyses the building under the effect of one or more structural 
elements removal. The major advantage of this method is that it is independent of the cause of 
failure and analysis can be applied to any threat for collapse of an element. In conventional 
methods of design, only the flexural mechanism is considered as an ALP, and compression arch 
action (CAA) and catenary action (CA) are beyond the scope of the design codes. CAA is a 
mechanism of resistance to vertical loads through the development of axial compressive force in 
beams. Development of this axial force requires the restriction of longitudinal deflection of beams 
by other members of the frame. CA is resistant to vertical loads through the development of tensile 
force in the horizontal members. Development of tensile force in beams requires a large 
deformation in the beam and the ability to create longitudinal restriction to balance this force. 
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Computer simulation is an important tool in determining the performance of structures in 
extreme loading conditions. The numerical methods used in structural analysis can be classified 
into two categories. In the first category, the model is based on continuum material equations. On 
the other hand, the second category can be defined using discrete element techniques, such as 
the extended distinct element method (EDEM). The finite element method (FEM) is the most 
common example for the first category, with the division of the domain into finite elements with the 
respective material properties. The FEM yields good results for structural analysis before collapse, 
even if one considers non-linear materials and geometry. However, if the structure’s behaviour 
advances to a discrete state, because of crack opening and propagation, the FEM loses its 
efficiency. Discrete element techniques which allow the mechanical interaction between elements 
and can simulate the cracking process more easily when compared to FEM, depending on the 
size, shape and arrangement of the elements. Despite its advantages, in small displacement 
analysis, the EDEM is less accurate than the FEM and the analysis time is quite large for a 
reasonable number of elements that simulate real problems. 

To overcome the EDEM’s drawbacks, Tagel-Din and Meguro developed the Applied 
Element Method (AEM) which is adopting the discrete cracking approach. The major advantage of 
the AEM is its capacity to simulate different collapse modes of structures and the structure’s 
behaviour from zero loading until collapse, including the elastic phase, opening and propagation of 
cracks, yielding of reinforcement bars and separation and collision of elements. However, the 
computation time required to simulate large structures’ behaviour from zero loading until collapse 
might become very large due to the necessity of small time increments, to ensure numerical 
stability (Meguro and Tagel-Din [10-12] and Tagel-Din and Meguro [13-15]). 

In this regard, one of the main advantages of the applied element technique is its capability 
of modelling, with high accuracy, both continuum and discrete phases of structural response. 
Figure 1 compares the performance of this method with respect to finite element techniques in 
terms of accuracy in a wide range of modelling capabilities. 

 
 

 

 

 

 

 

 

 

Fig. 1 - Analysis domain of AEM (ASI [16]) 

2. OBJECTIVE 

The objective of this paper is to verify the capability of AEM in simulating the progressive 
collapse of two-dimensional reinforced concrete frames. Two experimental studies conducted by 
Ahmadi et al. [1] and Yi et al. [2] are modelled using the Extreme Loading for Structures (ELS) 
software. The obtained results are compared with those measured in the experimental works and 
predicated using other software package such as OpenSees, Ansys, Abacus and MSC Marc. 
Furthermore, the presented analytical model will lead to investigate and quantify the structural 
resisting mechanisms of reinforced concrete structures against progressive collapse. 
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3. BRIEF DESCRIPTION OF THE APPLIED ELEMENT METHOD (AEM)  

The Applied Element Method (AEM) has been developed by Tagel-Din and Meguro [13] to 
create a link between the advantages of finite element method for continuum mechanics and 
discrete element method for discrete mechanics. Since then, the method was applied and verified 
for; elastic analysis, reinforced concrete structures subjected to cyclic loads and buckling and post-
buckling behaviour (Meguro and Tagel-Din, [10-12]). Also, AEM was applied for crack initiation and 
propagation, estimation of failure loads of reinforced concrete structures, non-linear dynamic 
analysis of structures subjected to collisions and severe earthquakes (Tagel-Din and Meguro [13, 
29 & 50]), fault-rupture propagation (Ramancharle et al. [17]), non-linear behaviour of brick 
structures (Mayorca and Meguro [18]) and blast analysis (Asprone et al. [19] and Coffield & Adeli 
[20]). 

In the AEM, the structure is discretized into series of virtually relatively small rigid elements, 
with special shape and determined dimensions connected together along their faces through a set 
of three non-linear contact springs (one normal spring and two shear springs), which represent the 
continuity between elements and reflect the properties of the material characteristics used 
(concrete and reinforcement bars), and that is differ from the connectivity in FEM where the 
elements are connected by nodes, as shown in Figue 2.The springs located at contact points 
represent stresses, strains and deformations of a certain portion. 
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Fig. 2 - Modelling in AEM (Meguro and Tagel-Din [10]) 

Each single element has six degrees of freedom; three for translations and three for 
rotations. Relative translational or rotational displacements between two neighbouring elements 
cause stresses in the springs located at their common face as shown in Figure 3. 
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Fig. 3 - Stresses in springs due to elements’ relative displacements (Applied Science 

International [21]) 
 
The AEM is a stiffness-based method, in which the stiffness of each pair of normal and 

shear springs connecting the element centerlines of an area (d x t) with the length of “a” is 
calculated using Equations 1 and 2 (Meguro and Tagel-Din [10]) 

  

𝐾𝑛 =  (
𝐸 × 𝑑 × 𝑡

𝑎
)                                                              (1) 

𝐾𝑠 =  (
𝐺 × 𝑑 × 𝑡

𝑎
)                                                              (2) 

 
where, Kn is the stiffness of normal spring; Ks is the stiffness of the shear spring; d is the 

distance between the springs; t is the element thickness; a is the length of the representative area; 
and E & G are the Young’s modulus and the shear modulus of the material, respectively. 

 
Additionally, one must consider the element rotation, which is resisted by shear and normal 

springs. It is possible to calculate the theoretical rotational stiffness Kr from normal springs as 
follows: 

𝐾𝑟 =  ∫
𝐸𝑡

𝑏

𝑏/2

−𝑏/2

𝑍2 =
𝐸𝑡𝑏2

12
                                                       (3) 

where, b the element’s height and Z the spring’s distance to the element centroid as 
represented in Figure 4. Therefore, it is possible to obtain the element’s rotational stiffness as the 
sum of each spring’s rotational stiffness, which leads to (Meguro and Tagel-Din [10]): 

𝐾𝑟 =
𝐸𝑡𝑏2

4𝑛3
∑(𝑖 −

1

2
)2

𝑛

𝑖=1

                                                              (4) 

where 2n is the number of springs and i the spring number. 
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Fig. 4 - Normal springs for rotational stiffness (Meguro and Tagel-Din [10]) 

 
In the reinforced concrete model, two types of springs are used namely; matrix springs for 

concrete, and reinforcement springs for steel bars, as shown in Figure 5. Reinforcement springs 
can be set at the exact location of the steel bars so that all reinforcement details and amounts can 
be easily considered. In the case of the reinforcement spring, the representative area (d x t) is 
replaced by the reinforcement bar area. 

 

 
 

 

a) Concrete springs b) Reinforcement springs 

Fig. 5 - Concrete and reinforcement springs (Applied Science International [21]) 

In reinforced concrete structure, the matrix springs are cut or removed when the average 
tensile strain between two adjacent faces reaches the value of the separation strain, specified in 
the material properties of the model, and the element behaves as separate bodies for the rest of 
the analysis. Similarly, the reinforcement springs are cut off if the normal stress is equal or greater 
than the ultimate stress specified for this material or when the concrete spring cut even if the 
reinforcement springs have compression forces. 

Although the reinforcement spring and the neighbouring concrete spring have the same 
strain, relative displacements can occur between reinforcement bars and the surrounding concrete, 
due to the assumption that the failure of concrete springs occurs prior to the failure of 
reinforcement springs (Applied Science International [21]). 

In two-dimensional model, each element has three degrees of freedom and the size of the 
element stiffness matrix is (6 x 6). The element stiffness matrix is determined based on the relative 
coordinates between the location of the contact points and the element centerline and on the 
spring stiffness, as shown in Figure 6. On the other hand, in three-dimensional model, every 
element has six degrees of freedom. Therefore, a (12x12) stiffness matrix is generated (Meguro 
and Tagel-Din [11]). The element stiffness matrix depends on the spring material and status, for 
example, it considers whether the spring is for steel or concrete. In case of concrete, it considers 
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whether the spring is already cracked or reached compressive failure criteria. In case of steel, it 
also follows the constitutive stress-strain relations. These elements matrices are assembled at the 
structural master stiffness matrix. 
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Fig. 6 - Element shape, contact point and DOF (Meguro and Tagel-Din [11]) 

 
In the AEM, fully non-linear path-dependent constitutive models are adopted for concrete 

and reinforcement bars as shown in Figure 7. The Maekawa compression model, an elasto-plastic 
and fracture model, is utilized for concrete in compression (Okamura and Maekawa [22]). While for 
concrete in tension, a linear stress–strain relationship is used until reaching the cracking point, 
then the stresses drop to zero. The residual stresses are then redistributed in the next loading step 
by applying the redistributed force values in the reverse direction. Also, the relationship between 
the shear stress and shear strain is assumed to be linear until the cracking of the concrete and the 
level of drop of shear stresses depends on the aggregate interlock and friction at the crack surface. 

The transverse reinforcement confines the concrete and increases compressive strength. 
To consider the biaxial confinement effects in compression zones, Kupfer biaxial failure function is 
adopted. A modified compressive strength, fceq, is calculated as a function of the principal stress 
components (σ1 and σ2) and the compression stress fc as follows (Kupfer et al. [23]): 

𝑓𝑐𝑒𝑞 =
1 + 3.65(𝜎1 𝜎2⁄ )

[1 + 𝜎1 𝜎2⁄ ]2
𝑓𝐶                                                            (5) 

This indicates that the compressive resistance associated with each spring is variable and 
depends mainly on the stress situation at the spring location. 
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(b) Reinforcement under axial and shear stresses [24] 

Fig. 7 - Constitutive models for concrete and steel 

For reinforcement bars, the model presented by Ristic et al. [24] is adopted. The stiffness of 
the steel spring after yielding is set to 1% of the initial spring stiffness. The tangent stiffness of 
reinforcement is calculated based on the strain from the reinforcement spring, loading status 
(either loading or unloading) and the previous history of steel spring which controls the 
Bauschinger's effect. The main advantage of this model is that it can consider easily the effects of 
partial unloading and Baushinger's effect without any additional complications to the analysis. It 
should be emphasized that, some other failure phenomena like buckling of reinforcement and 
spalling of concrete cover, are not considered in the analysis yet. 

To account for large displacements, the following modification to Equation 6 is introduced 
(Meguro and Tagel-Din [12]): 

𝐾∆𝑢 = ∆𝑓 + 𝑅𝑀 + 𝑅𝐺                                                                   (6) 

where K is the non-linear stiffness matrix, ∆u the incremental displacement vector, ∆f the 
incremental load vector, RG is the residual load vector due to geometric changes in structure during 
loading and RM is the residual load vector due to cracking or incompatibility between spring stress 
and the corresponding strain. 
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The equilibrium equations represent a linear system of equations for each step. The 
solution of the equilibrium equations is commonly solved using Cholesky upper-lower 
decomposition. Separated elements may collide with other elements. In that case, new springs are 
generated at the contact points of the collided elements. 

Modelling a progressive collapse mechanism should begin with the whole of structure 
elements then, specify the structural elements that will be instantaneously removed. However, 
most programs are incapable of analysing the change in their geometry and stiffness matrices. A 
more advanced software package was developed using the theory of AEM. This software is called 
Extreme Loading for Structures (ELS), and will be used in this paper. 

4. VALIDATION OF AEM USING ELS SOFTWARE 

Literature has shown that AEM gives good estimations for large displacements of structures 
undergoing collapse (Galal and El-Sawy [25], Meguro and Tagel-Din [10 &11], Sasani [26], 
Wibowo et al. [27], Tagel-Din and Rahman [28], Tagel-Din and Meguro [15 & 29], Salem [30], 
Tagel-Din [31], Meguro and Tagel-Din [32], Park et al. [33], Helmy et al. [34 - 36], Salem and 
Helmy [37], Salem et al. [38 & 39], Lupoae and Bucur [40], Lupoae et al. [41] and El-Mahdy et al. 
[42]. 

Experimental tests conducted by Ahmadi et al. [1] and Yi et al. [2] are modelled using ELS 
(v. 2.3) software to validate the AEM. However, sensitivity analysis for mesh, springs, loading 
steps, and calibration of the constitutive models should be done firstly. 

4.1 Sensitivity analysis 

A mesh sensitivity analysis is performed for the experimental works to study the effect of 
element size and the number of connecting springs between elements. The experiments are 
analysed using three increasingly smaller-sized elements (approximately cubic shapes with edges 
of 100, 50 and 25 mm). Additionally, for each different element size, two models are considered, 
using 5 and 10 connecting springs for each pair of adjacent element faces. The convergence is 
considered achieved when the changes in the load-displacement result from one analysis to the 
next are too small to be visually noticeable. As shown in Figures 8 and 9, the estimation for load-
displacement is achieved for a mesh of edge of 50 mm and 5 connecting springs between element 
faces and therefore, this combination is considered an appropriate mesh and used for the tests 
reported in this paper. A similar analysis is performed to calibrate the loading increment on model. 
Load-displacement curves are obtained using 0.10, 0.50, 1.00, 1.50, 2.00 mm loading steps and 
no noticeable differences were obtained between the resulting capacity curves. So, for all 
experiments, a step of 1.00 mm is used. 
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Fig. 8 - Effect of element size and the number of connecting springs between elements for 
Experimental work by Ahmadi et al. [1] 

 

 

Fig. 9 Effect of element size and the number of connecting springs between elements for 
Experimental work by Yi et al. [2] 

 

4.2 Calibration of the constitutive models 

4.2.1 Steel 

Due to lack of information for steel stress-strain curves in the experiments, the material 
characterization under tensile tests were simulated numerically and used to calibrate the 
parameters defining the Ristic constitutive model of steel (Ristic et al. [24]). The mechanical 
properties presented in each experimental were used, considering Young’s modulus and shear 
modulus presented in each experimental and a post yield stiffness factor of 0.01.  
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4.2.2 Concrete 

The characteristic compressive strength (fck), the modulus of elasticity (Ec) and the tensile 
strength of the concrete (fct) were calculated from its compressive strength according to Equations. 
7 to 9 (FIP Model Code [43]). The concrete shear modulus is taken as E/2(1+ν) and a Poisson 
ratio (ν) of 0.2 is considered. 

𝑓𝑐𝑘 = 𝑓𝑐 − 8  (𝑀𝑃𝑎)                                                                      (7)  

𝐸𝑐 = 21.5 (
𝑓𝑐

10
)

1/3

(𝐺𝑃𝑎)                                                            (8)  

𝑓𝑐𝑡 = 0.3(𝑓𝑐𝑘)2/3(𝑀𝑃𝑎)                                                               (9) 
 
Another important parameter characterizing the material constitutive models in ELS is the 

separation strain. This parameter defines the strain value in the springs located between two 
neighbouring elements at which the elements are considered to be physically separated. According 
to the ELS Modelling Manual (ASI [21]), for reinforced concrete elements, the separation strain 
should be higher than the ultimate tensile strain of the reinforcement bar. 

 

4.3 Experimental work by Ahmadi et al. [1] 

4.3.1 Experiment description 

Ahmadi et al. [1], performed an experimental and numerical evaluation using the OpenSees 
open-source platform as part of a research program to examine progressive collapse of structures 
under column removal scenario at Iran University of Science and Technology (IUST). The aim of 
this work was to investigate the alternative load paths and resistance mechanisms in scaled sub-
assemblage and to compare the differences between the results of full-scale and scaled 
specimens. The full-scale assembly was selected from a 10-story office building which was 
designed based on an intermediate moment frame (IMF) system. The building was analysed based 
on the dead, live, and earthquake loads defined in ASCE7-05 [3] and designed based on ACI 
318R-02 [44]. The specimen included two single-bay beams, one middle joint (a middle column 
stub), and two end columns with foundations to behave as two-dimensional specimen. The 
specimen was fastened to a displacement control point loaded (a monotonic vertical load) above 
the middle column stub to simulate the progressive collapse of the frame. The test continued until 
complete failure of the specimen. During testing, alternative load paths, mechanism of formation 
and development of cracks, corresponding displacements and strains at predefined points and 
sections were measured and the formation of resistance mechanisms and failure modes were 
recorded. The dimensions, reinforcement details of the specimen components, and test setup are 
shown in Figure 10. Furthermore, measured material properties are given in Tables (1 and 2). The 
researchers found that, load-displacement curve, mechanism of formation and development of 
cracks and failure mode of the scaled specimen had good agreement with the full-scale assembly. 
Also, they found that macro-model can provide a good estimation of collapse behaviour of RC sub 
assemblage under the middle column removal scenario. 



 
Article no. 35 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
----------------------------------------------------------------------------------------------------------------- 

 

        DOI 10.14311/CEJ.2017.04.0035  429 

 

 

 

(a) Dimensions and reinforcement for the 
specimen (half part only) [1] 

(b) Test setup [1] 

 

 

 

 

(c) Modelling in ELS (half part only) (d) Modelling in ELS  

Fig. 10 - Specimen details and numerical modeling 

 

Tab.1 - Concrete material properties (Ahmadi et al. [1]) 

Property Young's 
Modulus 
(MPa) 

Shear 
Modulus 
(MPa) 

Tensile 
Stress 
(MPa) 

Average Compressive 
stress (MPa) 

Specific Weight 
(Kg/m3) 

Ultimate 
Strain 

Concrete 2.610E4 1.0210E4 1.5 26 2500 0.20 

 

Tab. 2 - Reinforcement material properties (Ahmadi et al. [1]) 

Property Young's 
Modulus 
(MPa) 

Shear 
Modulus 
(MPa) 

Tensile and 
Compressive Yield 

Stress (MPa) 

Ultimate 
Stress (MPa) 

Specific Weight 
(Kg/m3) 

Ultimate 
Strain 

T8 2.010E5 8.010E4 530 650 7840 0.16 

 

4.3.2 Modelling and simulating 

In the present paper, the tested specimen is modelled using ELS. Meshing division and 
reinforcement details similar to experimental work are shown in Figure 10. Also, Figure 10 shows 
the two steel rollers that are used to connect the tops of the columns of the main frame as reported 
in the experiment work to prevent the horizontal movement of the columns. Vertical movements of 
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the columns are not restricted. Also, a 10mm-thick steel plate is fastened above the middle joint to 
make the load uniformly distributed on the columns. The top and bottom longitudinal bars in beam 
are anchored with a mechanical anchor to simulate continuity in external beam column joints, as it 
is in the full-scale specimen. 

 
As reported in the experiment, the numerical simulation of the gradual failure of the middle 

column stub is performed in a displacement controlled manner as follows; the self-weight of the 
structural components applied first with all columns support are fixed. Then, a vertical static 
displacement of the node above column stub is increased gradually to simulate the column failure 
and the support for this column stub only becomes free. The loading increment is thus defined as 
1.0 mm per step (310 steps).  

4.3.3 Results and discussions 

Figure 11 shows a comparison of crack pattern due to vertical displacement of middle joint 
equal to 170 mm for scaled specimen (just before rebar fracture) with that obtained from numerical 
model in the same step. Figure 12 compares the final crack patterns for scaled specimen and the 
numerical model in ELS. It should be noted that, Figures 11 and 12 indicate that ELS has a great 
capability to simulate the cracking pattern at each stage. 

  
(a) Test specimen [1] (b) Numerical model 

Fig. 11 Crack pattern in scaled specimen at 170 mm vertical displacements of 
middle Joint 

  

(a) Test specimen [1]  (b) Numerical model 

Fig. 12 - Comparison of crack pattern in scaled specimen at the end of test  

Similarly, Figure 13 shows images of the bottom rebar fractures at the middle joint 
interface for both of scaled specimen and ELS. Figures 14 and 15 show images of the top rebar 
fractures at the side of south column interface for both scaled specimen and ELS. From these 
figures, it can be concluded that, ELS is capable to simulate rebar fractures very well. 

  

(a) Test specimen [1] (b) Numerical Model 

Fig. 13 - Fracture of bottom bars at middle joint 
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(a) Test Specimen [1] (b) Numerical Model 

Fig. 14 - Crack pattern at south end  

 

  

(a) Test Specimen [1] (b) Numerical Model 

Fig. 15 - Crack pattern at south end 

The load-displacement curves from experimental test, OpenSees numerical model, and 
ELS numerical model are shown in Figure 16. The three mechanisms that resist progressive 
collapse; flexural action, compressive arch action (CAA) and catenary action (CA) have occurred. 
As the lower and upper reinforcement at the middle and end joints are yielded quickly during the 
initial loading steps. Thus, plastic hinges in the beam are created which show that flexural action 
had reached its capacity at a vertical displacement of 48.3 mm (50 mm in experiment), which is 
close to half of the beam depth. The load reaches an initial peak of 27.9 KN (28.1 KN in 
experiment). This point corresponds to the compressive arch action (CAA) capacity of the beams 
and it can be noticed that, there is no separation point between flexural action and compressive 
arch action because the compressive arch action is developed at the beginning of the loading in 
axially restrained members. With additional increments in the vertical displacement, the vertical 
load started to decrease, and continued to do so until a vertical displacement of 133 mm (135 mm 
in experiment), which corresponded to a vertical load of 15.5 KN (20.9 KN in experiment) which is 
approximately equal to the beam depth. Beyond this point, the development of tensile force in the 
beams leads to increased vertical load capacity. This point is considered as the initiation of 
increasing the capacity due to catenary action (CA) mechanism of the in-plane frame. Increasing 
displacement up to 167 mm (170 mm in experiment), increased the vertical load resulting in the 
first fracture in the lower longitudinal bar in the beam which caused a sudden drop in the load from 
20.46 KN to 9.7 KN (22.4 KN to 12.9 KN in experiment). The first rebar fracture occurred at the 
location of the main crack in the south beam at the interface with the middle column stub. With 
increasing the displacement, the load started to increase again until the fracture of second bottom 
bar occurred at displacement of 238 mm (230 mm in experiment) and load value of 33 KN (25.7 
KN in experiment). Applying load was stopped with the fracture of one of the beam top bars at the 
south beam column connection at displacement of 265.5 mm (306 mm in experiment) and load 
value of 35.5 KN (38.2 KN in experiment), which attained a maximum for CA capacity. Also, it can 
be observed that there is a large difference in displacement between the stage of bottom bar 
fracture (at the middle joint) and top bar fracture (at the ends). This can be related to the formation 
of plastic hinges at the middle joint, which caused large deflections at that stage. 
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Fig. 16 - Numerical and experimental vertical load-deflection curves 
 
Horizontal displacements of end columns at the beam mid heights which change from 

inward to outward direction at the vertical displacement of 171 mm (182 mm in experiment) are 
shown in Figure 17. Also, it can be observed the same behaviour in Figure 18, that shows beam 
axial force versus vertical displacement of middle joint. The beam axial compression force 
increased up to vertical displacement of 50 mm and then it started to decease. In vertical 
displacement of 171 mm (182 mm in experiment), beam axial force changed from compression to 
tension and this was evident for development of tensile force in the beams of sub-assemblage. 
This point is considered as the initiation of increasing capacity due to CA mechanism. 

 

 

Fig. 17 - Horizontal displacement of end 
columns versus vertical 
displacement of center column 

Fig. 18 - Axial force in beam 

 
Strain results at mid span for top and bottom bars are shown in Figures 19 and 20. 

Generally, the development of strains in the numerical model is the same with experimental scaled 
specimen. However, the absolute value of strains cannot be modelled because of discrepancies of 
material properties and stress concentrations in the experimental program. Consequently, it can be 
concluded that, experimental and numerical results have better agreement especially before the 
fracture of bars. 
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Fig. 19 - Strain in top reinforcing bar at 
mid-span of the beam 

Fig. 20 - Strain in bottom reinforcing 
bar at mid-span of the beam. 

 
From the above discussion, it should be noted that the numerical model shows better 

agreement for both vertical and horizontal displacement of the sub-assemblage during collapse. 
Therefore, it is confirmed that AEM can be reliably used to study the progressive collapse of 
reinforced concrete frames. Furthermore, the results obtained from ELS are even better than those 
obtained by Ahmedi et al. [1] using OpenSees program. 
 

4.4 Experiment work by Yi et al. [2] 

4.4.1 Experiment description 

Yi et al. [2] carried out a static experimental study of a three-storey RC frame structure to 
investigate progressive failure due to the loss of a lower storey column. In their experiment, it was 
observed that after the plastic mechanism has formed, the concrete strain in the compression zone 
at the beam ends reached its ultimate compressive strain, and the compressive steel bars are 
gradually subjected to tension with increasing displacement. For the experimental test, a one-third 
scale model representing the lower three-story of the original frame from the eight-story RC 
building was constructed as shown in Figure 21. The dimensions and the reinforcement details of 
the structural components are shown in Figure 21. Also, the measured material properties are 
given in Tables 3 and 4. 
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Fig. 21 - Specimen details (Yi et al. [2]) 

 

Tab. 3 - Concrete material properties (Yi et al. [2]) 

Property 
Young's 
Modulus 
(MPa) 

Shear 
Modulus 
(MPa) 

Tensile 
Stress (MPa) 

Cubic Compressive 
Stress (MPa) 

Specific Weight 
(Kg/m3) 

Ultimate 
Strain 

Concrete 2.70E4 1.1287E4 1.57 25 2500 0.30 

 

Tab. 4 - Reinforcement material properties (Yi et al. [2]) 

Property 
Young's 
Modulus 
(MPa) 

Shear 
Modulus 
(MPa) 

Tensile Yield 
Stress (MPa) 

Compressive Yield 
Stress (MPa) 

Specific Weight 
(Kg/m3) 

Ultimate 
Strain 

Longitudinal 
RFT 

(HRB400) 
2.01 E5 0.79 E5 416 416 7840 0.275 

Lateral RFT 
(HPB235) 

2.01 E5 079 E5 370 370 7840 0.325 

 

4.4.2 Numerical modelling 

Numerical model, mesh division, and reinforcement details similar to experiment are shown in 
Figure 22. 
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Fig. 22 - ELS Numerical model and reinforcement details 
 

The numerical simulation of the gradual failure of the first-storey middle column is 
performed in a displacement controlled manner as follows; the self-weight of the structural 
components applied first then a vertical load of 109 KN is applied incrementally on the top of the 
middle column, the node associated to the failed column was fixed. After that, a vertical static 
displacement of this node is increased gradually to simulate the column failure. The loading 
increment is thus defined as 1.0 mm per step for all models (460 steps).  

4.4.3 Results and discussion 

It can be noted from Figure 23 that at a vertical displacement less than 5 mm, the elastic 
stage ended with the cracking of the frame beams. Then, increasing displacement to less than 25 
mm, the elasto-plastic stage finishes in point with the yielding of the steel bars from the ends of the 
beams adjacent to the middle column indicating the formation of the plastic hinge mechanism. 
After that, increasing the displacement to 140 mm the plastic stage ended where, as in the 
experiment, large plastic rotations at beams ends and severe concrete crushing are observed in 
the numerical simulation. After this point the tension cracks in concrete penetrate the compressive 
zone which means that catenary action stage starts to appear, in which the general resisting 
mechanism changes from compression bending in beams to tension-bending. Therefore, in this 
stage the beams are acting mainly as ties. Finally, with increasing the displacement to 450 mm 
(similar with 456 mm from the experiment), the bottom rebar of the first-storey beam adjacent to 
the middle column is ruptured. The location of the ruptured rebar from the experiment and the 
numerical model are illustrated in Figure 24. 

Moreover, Figure 23 shows the three stages of mechanism of progressive collapse as first, 
the adjacent frames are pushed and move outward, second the adjacent frames start being pulled 
inside, and finally the adjacent frames are pulled inside but the axial force in beams changes to 
tension. This is happened when the vertical displacement at the column removed point measures 
140 mm indicating the formation of the catenary mechanism. Furthermore, comparison of the 
vertical resisting force versus vertical displacement of the central column obtained in this study with 
the results obtained by other researchers is shown in Figure 23. This comparison indicated that, 
the present work simulation is more efficient than other researchers even some of them use the 
same software and others use different software packages such as; OpenSees, Ansys, Abacus, 
and MSC Marc.  
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Fig. 23 - Comparison of load-deflection curves 

 

  

(a) Test specimen (Yi et al. [2]) (b) ELS Model 

Fig. 24 - Fracture of bottom bars at middle joint 

Figures 25 and 26 present the variation of the vertical and horizontal displacements of 
sections 3-1 (see Figure 21) obtained from both experimental and numerical work. Also, Figure 27 
shows the better simulation for the final deformation of the frame in ELS model with that in the 
experiment. 

  

Fig. 25 - Vertical load-deflection results Fig. 26 - Horizontal displacement of end columns 
versus vertical displacement of center 
column 
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(a) Test specimen (Yi et al. [1]) 
 

(b) ELS model 

Fig. 27 - Frame final deformation 

5. CONCLUSION 

In this study, a numerical investigation is conducted using ELS software (Extreme Loading 
for Structures) which is based on the Applied Element Method (AEM) based on an experimental 
data of the two experimental studies conducted by Ahmadi et al. [1] and Yi et al. [2]. The numerical 
modelling results are compared with those obtained from experiments as well as other software 
packages such as OpenSees, Ansys, Abacus and MSC Marc. The main findings in this study can 
be summarized as follows: 

1. The applied element method is an efficient tool for analysis of progressive collapse of 
reinforced concrete structures. 

2. The numerical results obtained using ELS show a better agreement with experimental 
results. 

3. ELS has a great capability to simulate both the crack pattern in each stage and rebar 
fractures. 

4. There is no separation point between flexural action and compressive arch action because 
the compressive arch action developed at the beginning of the loading in axially restrained 
members. 

5. The transition point from compressive arch action to catenary action occurred only when 
axial loads changed from a compression force to a tension force. 

6. The ELS software could be utilized in further progressive collapse analyses. 
7. The developed numerical model is regarded a valid and economical alternative to 

experiments for prediction of the progressive collapse of reinforced concrete structures. 
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ABSTRACT 

As one of the fault-related instability problems of tunnels, rock slip along fault plane is closely 

related to the shear strength of a fault, and usually causes irrecoverable and sometimes catastrophic 

engineering problems. In this paper, based on continuum assumption and Coulomb-slip failure, a 

criterion to evaluate rock slip along the fault plane was proposed for a circular tunnel in rock masses 

containing a fault. A mathematical equation that describes the relationship between required shear 

strength of a fault and horizontal stress ratio, fault spatial extension and location was established. 

From the equation, the influences of the important parameters on the required shear strength of a 

fault was analysed after a numerical validation was performed. Besides, the effects of fault spatial 

extension and location on the tunnelling-induced shear displacements were characterized through 

numerical models. Characteristics of the tunnelling-induced shear displacements at the excavation 

wall indicated that fault location with respect to the tunnel dominates the nonuniform rock 

deformations at excavation wall, and larger fault dip angles could lead to larger shear displacements 

in some specific pair cases. The presented investigation provides both a deeper insight into the 

instability problems of tunnels related to a fault and a guideline for tunnel support design. 

KEYWORDS 

Tunnel, Fault-related instability problem, Rock slip criterion, Fault shear strength, Tunnelling-

induced shear displacement 

INTRODUCTION 

Fault is quite common in all types of hard rock masses, which affects the mechanical 

properties of rock mass greatly. Many failures or instability problems of tunnels reported are related 

to the nearby fault presence [1-4]. And the instability of host rock around tunnel usually led to 

irrecoverable and catastrophic results. Fault-related instability of underground openings are often 

presented as rock slide along the fault plane, the downfall of blocks, wedges cut by faults or minor 

joints inward the cavern[5-7]. Among these types of instability, rock slide along the fault plane is a 

severe problem that can cause irrecoverable failure and may be a severe threat on long-term stability 

mailto:xqh_bp@163.com
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of underground openings [1,4,8,9]. A better understanding of this problem is therefore highly required 

and urgent in the determination of support design for tunnels. Typical structural failure of a tunnel 

caused by the rock slip is presented in Figure 1. 

Attempts have been made to assess the fault-related problems by empirical or semi-

quantitative methods such as rock mass classification [10] and limit equilibrium approach with the 

aids of stereographic projection and blocky theory [11, 12]. Numerical models and physical model 

tests were used more often as specific academic or engineering problems could be assessed much 

easier that many parameters could be taken into consideration. When tunnelling in hard rock 

containing faults, uneven rock pressures usually cause asymmetrical stress distribution in tunnel 

support [13 - 16], which is not favourable and even resulted in failure as the support is designed to 

be symmetrical. And rock failure or the uneven rock pressures acting on support are usually due to 

nonuniform rock deformations [17, 18], or shear behaviours of rock along the fault plane more 

precisely [7, 19]. 

 

Fig. 1 - Liner failure caused by rock slide along fault [7] 

Shear behaviour of rock, also characterized as rock slip along the fault plane, is a typical 

response to insufficient shear strength of a fault. And in the researches of Yeung et al. [20], Hao et 

al. [21] and Wang et al. [22], the shear strengthes of faults or joints were pointed out to have a 

dominant infleunce on the stability of rock. Furthermore, the appearance of rock slip did not seem to 

be just only dependent on the fault shear strength. More detailed analysis that considered some 

other important parameters of horizontal stress ratio, fault dip and fault location were performed too 

[22 - 24]. The consideration of other parameters revealed that, for a given fault shear strength, the 

stability of rock could not be determined when other parameters were not specified, and the required 

fault shear strength to keep rock stability showed dependency on stress ratios, fault dips and fault 

locations. 

Given this background, the fault-related instability problems of tunnels need further 

investigation. Firstly, the spatial extension and location of a fault with respect to the tunnel needs to 

be characterized more precisely to enable the theoretical analysis of the problems. Secondly, the 

required fault shear strength is highly dependent on the stress ratio, fault dips and locations, and 

then the relationships among these parameters need to be addressed clearly. Besides, the 
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tunnelling-induced shear displacements at excavation wall resulting from relative insufficient fault 

shear strength were unfavourable to tunnel support. So the effects of the important parameters of 

horizontal stress ratio, spatial extension and location of a fault and shear strength of a fault on the 

tunnelling-induced shear displacements should be investigated. 

In the present research, the fault spatial extension and location with respect to a tunnel were 

mathematically characterized firstly, which enabled the stress analysis of rock along the fault plane. 

And then based on continuum assumption [25], the elastic mechanics solution of rock along the fault 

plane was carried out. A criterion for circularly tunnelling in hard rock containing a fault that followed 

Coulomb-slip failure was proposed, which mathematically described the relationship between the 

required fault shear strength and fault spatial extension, fault spatial location and ground horizontal 

stress ratio. The required fault shear strength to prevent rock slip (named lower frictional angle of 

fault 
lim  when no cohesion was considered), was proposed and validated with numerical models. 

The effects of fault spatial extension and location and horizontal stress ratio on the lower frictional 

angle of fault 
lim  were analysed, which revealed the influences of a fault on the stability problems 

of tunnels. In addition, the effects of fault spatial extension and location on the tunnelling-induced 

shear displacements at excavation wall were characterized through numerical models. The attempts 

of this paper provided a deeper insight into the instability problems of underground openings related 

to fault slip. 

THE CRITERION OF ROCK SLIP ALONG A FAULT 

Stress analysis on the fault plane 

A circular tunnel is selected in this research to simplify the stress analysis. The spatial 

geometric relationship between the fault and tunnel is illustrated in Figure 2. As the axial size of 

tunnel is much greater than the radial one, this problem can be simplified as a plain strain problem 

in the yoz  plane. For a deeply buried tunnel, the tunnel radius 
0r  is much smaller than the depth h

, thus the model can be simplified as a problem of stress concentration around a small hole in infinite 

domain, as presented in Figure 3. 
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Fig. 2 - Spatial relationship between tunnel 
and fault 
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Fig. 3 - Simplified model for plane strain 
problem 

As shown in Figure 3, a circular tunnel is excavated in infinite elastic medium which contains 

a fault, and the spatial extension and location of the fault could be characterized by dip angle of fault 

  and the distance between the fault plane and circular tunnel center d . And special assumptions 

are made as follows: 

(1)  In the initial geostress field, the rock did not slide and the fault did not change the distribution 

of the initial stress; 

(2)  The secondary stress distribution due to the excavation of tunnel is the same as that in rock 

mass without a fault prior to rock slip. 

(3)  No tectonic stress field is considered. 

According to the spatial relationship between fault plane and tunnel, for a fault going through 

the right bottom below the tunnel center, the relationship of fault dip angle   and   in a polar 

coordinate system could be expressed as follows: 

 sin - )n / (si d r     (1) 

where   is the angle between polar radius and fault plane,   is the polar angle in the 

coordinate system. When only self-weight of rock mass is considered, the initial geostress can be 

expressed as: 

 
/ (1 )

z

x y

gh
gh k gh

 
     


   

 (2) 

where   and μ are the density and Poisson’s ratio of rock mass, respectively. And k  is the 

horizontal stress ratio. 

When a circular tunnel with a radius of 
0r  is excavated, the secondary stress distribution in 

the rock mass containing a fault with a dip angle of   through the right bottom of a circular tunnel 

(), originally due to Kirsch [26], are: 
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where 
0 /r r  , and r  is the coordinates in a polar coordinate system. For tunnels with D 

shape or horse-shoe shape, the stress can be analysed with complex valuable system. 

An element contains the fault is derived to conduct stress analysis as shown in Figure 3, and 

the normal and shear stress components on the fault plane calculated based on the assumption (2), 

are given by: 

 
( (

(

) / 2 ) / 2 cos2 sin 2

) / 2 sin 2 cos2

n r r r

r r

  

 

    

 

  

   

      

   
  (4) 

Analysis of lower limit frictional angle of a fault 

Prior to rock slip along the fault plane, according to Coulomb-slip criterion, the stress state 

must satisfy the following equation: 

 tann c      (5) 

where   and c  are the frictional angle and cohesion of the fault, respectively. And by 

substituting Equation 4 into Equation 5, the following equation is led to: 

 

2 2 4 2 4

2 2 2 4

2 4

tan {[ (1 ) (1 2 3 )(1 ) cos(2 2 )] sin 2 (1 )(1 2 3 )

sin(2 2 ) cos2 } / {(1 ) 2 (1 ) cos(2 2 ) [ (1 ) (1 2 3 )

(1 ) cos(2 2 )] cos2 (1 )(1 2 3 ) sin(2 2 ) sin 2 }

k k k

k k k

k k

        

        

       

              

              

          

  (6) 

Where 2

0 0sin2 2 / 1 ( / )d r d r     and 2

0cos2 1 2( / )d r   . Equation 6 denotes the 

criterion to evaluate whether rock would slide along the fault or not, and it is a local criterion, and not 

for the rock along the whole fault. For deep hard rock engineering, the fault cohesion was always 

assigned to be zero [21,27]. And for a simplified analysis, cohesion of fault is not considered ( =0c ) 

in Equation 6. 

By setting the left part in Equation 6 equal to the right one, the local lower limit frictional angle 

of the fault 
lim , which is the local minimum of fault shear strength that prevents host rock of tunnel 

from sliding along the fault plane, is obtained with no cohesion considered. And for the prevention of 

rock slip along the whole fault plane, the shear strength of fault should be no less than maximum 

value of 
lim , and then the max lower frictional angle of fault 

max  is determined as max{ }max lim  . 
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According to Equation 6, 
lim  is dependent on the horizontal stress ratio k , dip angle of fault   and 

the distance between the fault plane and circular tunnel center d . It should be noted that rock slip 

criterion along fault is proposed for the right half of a fault extending at the right bottom of circular 

tunnel, and for the left part, similar analysis can be performed by transforming the coordinates in the 

same way. 

Numerical validation 

To validate the proposed slip criterion of host rock and lower frictional angle 
max , a numerical 

model is established where vertical stress 
z 4MPa  , horizontal stress ratio =0.5k , tunnel radius 

0 5mr  , fault dip angle =30  , and distance between the fault plane and circular tunnel center =1md

. By substituting the parameters of the example into Equation 6, the local lower limit frictional angle 

of fault along the fault plane is calculated and shown in Figure 4. 
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Fig. 4 - Variation of lower limit frictional angle 
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Fig. 5 - Generation of numerical model 

Figure 4 illustrated the lower limit frictional angle of fault along the fault plane, which increases 

firstly and then decreases from excavation wall to infinite in this case. And it can be seen that, 
max  

is located at where 0.48   in this case, which means that, to maintain the stress distribution at 

where 0.48  , the frictional angle of the fault   should be no less than 15.587 . Besides, the initial 

slip ranges of host rock with different frictional angle of fault were presented in Figure 4. For example, 

when frictional angle of fault =14.0   and =15.0  , the initial slip ranges of host rock are 

6.59m~118.17m and 7.74m~17.23m from tunnel center, respectively. 
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Numerical modelling strategies 

The numerical model to validate the criterion proposed is based on the Universal Distinct 

Element Code (UDEC) [28]. UDEC is a program developed to solve fault-related problems in 

discontinuous rock system. Large deformation of rock along the fault is allowed and the properties 

of fault are quite convenient to be changed in this program. With many kinds of built-in constitutive 

models of fault, UDEC is suitable for the verification of the criterion proposed in Equation 6. In the 

modelling process, the Coulomb slip model was adopted. In UDEC, if 

 tans n maxc     ∣ ∣   (7) 

Where 
s  is the shear stress on the fault plane;   is the frictional angle; 

n  is the normal 

stress; and c  is the cohesion of fault. Then, the shear displacement can be described as: 

 /
e

s s su k     (8) 

where e

su  is the elastic component of incremental shear displacement; and 
sk  is the 

constant shear stiffness. Or, if  

 
s max ∣ ∣   (9) 

then 

  signs s maxu     (10) 

where 
su  is the total incremental shear displacement. 

From Equation 7 to 10, it can be concluded that prior to rock slip along the fault plane, the 

total shear displacement of rock along the fault is the elastic constant component. And once rock 

has already slid, the shear displacement is enlarged. Thus, the criterion presented in Equation 6 can 

be verified by the derivations and comparisons of shear displacements of nodes along the fault in 

the numerical model. 

In the numerical model, rock was assumed to be elastic medium and fault followed Coulomb-

slip criterion. Properties of rock mass were taken from the research of Jiang et al. [27], and properties 

of fault were evaluated under the constant normal stress conditions [29, 30]. In order to prevent the 

fault from opening, tensile strength of the fault was set at a relatively high value up to 10GPa. 

Properties of rock mass and fault are presented in Table 1 and Table 2. 
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Tab. 1 - Properties of rock masses 

Density   (kg/m3) Young’s modulus E  (GPa) Poisson’s ratio   

2.5 3.03 0.17 

Tab. 2 - Properties of the fault 

Normal stiffness 
nk  

(GPa/m) 

Shear stiffness 
sk  

(GPa/m) 

Cohesion c  

(MPa) 

Frictional angle 
  (º) 

Tensile strength

ten  (GPa) 

20 0.8 0 Varies 10 

Stress boundaries were applied to the model, and horizontal stress ratio k  was simulated by 

inputting different horizontal stress while vertical stress remained constant. A circular tunnel of 

0 5r m  was excavated in the rock mass, and in order to eliminate the boundary effect, size of model 

was set at 140m×140m. Besides, fictitious joint segments were generated near the boundary of 

model to stabilize the boundary [31], with 10m-long projection on the horizontal axis. The numerical 

model was generated as shown in Figure 5. The frictional angle of fault   put into the numerical 

model was in a narrow range near the maximum lower limit frictional angle 
max . 

Shear displacements along the fault plane 

The shear displacements of nodes along the fault plane 
sD  in the 7 cases are presented in 

Figure 6. For cases with / 1.00max   , the displacement curves are almost the same, which means 

that the shear displacements of the same node are constant and from elastic shear behaviour 

according to Equation 7 and 8. While for cases with / <1.00max  , the shear displacement curves 

increases gradually within the middle range, which means that the host rock has slid already and 

stepped into the plastic shear stage according to Equations 9 and 10. It could be summarized that, 

when the frictional angle of the fault is larger than 
max , the stress distribution of host rock could be 

maintained and rock slip along fault plane is prevented, otherwise the rock slip occurs. 

Also in Figure 6, when / =0.96 =14.96max    , the simulated rock slip range is 7m ~ 33mr 

, which shows a great disparity compared to that in Figure 4. This difference could be attributed to 

the stress redistribution effect: when 
s max ∣ ∣  for a fault element, part of 

s  would be transferred 

to neighbouring elements, causing the shear failure of the neighbouring elements, and then the slip 

range of host rock is enlarged. 
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different frictional angles of fault 

The shear displacements of nodes at where 12mr  , 15mr   and 18mr   in the 7 cases are 

presented in Figure 7, which donates sensitivity of the rock shear behaviour to the fault shear 

strength. With frictional angle decreased, the shear displacements of nodes kept constant when 

1.00max/   , and increased when 1.00max/   , which validated the proposed rock slip criterion in 

an intuitive way. 

ADDRESSING THE IMPORTANT PARAMETERS RELATED TO ROCK-SLIP 

INSTABILITY PROBLEMS 

It is found in Equation 6 that, the lower limit frictional angle of a fault to maintain rock stability 

related to rock slip along fault plane when tunnelling in hard rock is determined by 3 parameters, 

including the horizontal stress ratio k , dip angle of the fault   and the distance between the fault 

plane and circular tunnel center d . To obtain a more comprehensive understanding of the effects of 

these parameters, a parametric analysis was conducted. The tunnel radius 
0r  and vertical stress

z  

were set at 5m and 4MPa, respectively. 

The effects of fault dip angle 

It can be seen in Figure 8 that to keep host rock from sliding at excavation wall, the same 

lower limit frictional angle 
lim  is required with different dip angle of the fault. And for different dip 

angle  , 
lim along the fault plane show different tendency: when fault spatially extends with a very 

small  , 
lim  increases all the way from infinite field to the excavation wall (e.g. =10   ), while for 

30 80    , 
lim  increases firstly and then decreases in the same range. And in the far field (about 
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0.1  ), the lower limit frictional angle 
lim  shows a great disparity with different fault dips and 

changes little along the fault plane, which can be explained that the stress distribution far away from 

tunnel is much less disturbed by excavation, and the required shear strength of fault (
lim ) is mainly 

determined by the initial stress field. The relation between dip angle and lower frictional angle of fault 

strongly suggests that fault with dip angle in the vicinity of 60  may be identified to be the most 

unfavourable to the stability problems of tunnels in terms of the rock slip along fault. 
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Fig. 9: Lower limit friction angle along fault 

plane 
lim  with different k  ( =30  , =1md ) 

The effects of horizontal stress ratio 

It has been found that the rock slip was very sensitive to the horizontal stress ratio k  of 

ground [21], and the input fault shear strength had to be set significant large to reach model 

equilibrium. By nature, the rock slip along fault is caused by relative insufficient fault shear strength 

which is also closely related to stress ratio. Therefore, the effects of horizontal stress ratio on the 

lower limit frictional angle should be investigated. 

The lower limit frictional angle of fault in the far field is strongly dependent on horizontal stress 

ratio as presented in Figure 9, and it increases with the decrease of horizontal stress ratio from 1.0 

to 0.4 in detail. From all the cases, it can be summarized that with horizontal stress ratio closer to 

1.0, higher stability of host rock related to fault could be expected. 

The relation between lower limit angle and horizontal stress ratio in Figure 9 is similar to that 

of Figure 8, which is: the lower limit frictional angle is strongly dependent on horizontal stress ratio 

in the far field (  approaches 0), while that of fault at excavation wall are the same in each figure. 

According to the relations presented in Figure 8 and Figure 9, it suggests that, the lower limit frictional 

angle of fault to keep host rock from sliding at excavation wall seems independent of horizontal 

stress ratio and fault dip angle. However, it should be noted that, rock slip along fault plane is 

dependent on the shear strength of the whole fault, and the rock near excavation wall is in a loose 
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state somehow. Given this comprehension, horizontal stress ratio and fault dip angle are also critical 

for the instability problem of underground excavation related to fault. 

The effects of fault spatial location 

Stress redistribution induced by excavation is significant around the tunnel, which means that 

the stress components on the fault plane near excavation wall are strongly affected. And thus the 

stress components along the fault plane near the excavation wall should be different with different 

fault spatial location with respect to the tunnel, which might lead to changes of the required shear 

strength of fault 
lim . 

As presented in Figure 10, with different fault spatial locations, 
lim  approaches the same 

value of 13.90  when   approaches 0, and it suggests that in the far field, the stress components of 

on fault plane is not affected by fault location with respect to tunnel. While when   approaches 1 

(near the excavation wall), 
lim  changes significantly with different d  (e.g. , =0.1m 1.2lim d    and 

, =2m 23.5lim d   ). And this is remarkable evidence that the instability problems of tunnels in terms of 

rock slip in the vicinity of excavation wall are dominated by the distance between fault plane and 

tunnel center. 
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Fig. 10 - Lower limit friction angle along fault plane lim  with different d ( =30  , =0.5k ) 

CHARACTERISTICS OF SHEAR DISPLACEMENTS INDUCED BY TUNNELING  

Once rock slip along the fault plane appears, the tunnel support might be subjected to 

significant nonuniform rock deformation which would result in unfavourable load on support. By 

taking this into consideration, the tunnelling-induced nonuniform rock deformation related to fault is 

characterized by using numerical simulations. 
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The numerical analysis was focused on the parameters of fault dip angle, horizontal stress 

ratio and the distance between fault plane and circular tunnel center. Another important parameter 

was the shear strength of fault (for fault in hard rock, the cohesion could be neglected). To stabilize 

the rock slip far away from excavation wall along fault plane, the frictional angle of fault should be 

larger than a certain value (called 
ini , short for the initial required frictional angle of a fault ) which 

could be calculated by Equation 6 with 0  . Given this understanding, the frictional angle of the 

fault in the numerical analysis should be not less than 
ini . 

In the numerical cases, prior to tunnel excavation, the model was applied to ground stress at 

boundaries to reach equilibrium and to produce the in situ stress field. As the proposed criterion was 

based on elasticity assumption, the models were assumed to be elastic media (other properties of 

rock and fault are listed in Table1 and Table 2. In the initial stress equilibrium process, the frictional 

angle of the fault was the main parameter that affects the equilibrium of the whole system with 

specified stress boundary conditions and spatial extension and location of a fault. After model 

equilibrium was reached, the tunnel was excavated in one step and the model was solved for a 

following equilibrium. 

Shear displacements induced by tunnelling related to fault shear strength 

It is obvious that the tunnelling-induced shear displacements are determined by the shear 

strength of a fault. The fault frictional angle might be larger than 
max , or in the range of 

ini  to 
max , 

or less than 
ini , when in-situ combinations of ground horizontal stress ratio and fault spatial 

extension and location (i.e. fault dip angle and the distance between fault plane and tunnel center) 

are specified. To analyse the tunnelling-induced shear displacements, the input   should not 

exceed 
max . The frictional angle of the fault   was reduced from 

max  to 
ini  with an interval of 

2% - )max ini ( . The variations of shear displacements 
sD  at excavation wall (as located in Figure 5) 

induced by tunnelling are summarized in Figure 11. 



Article no. 36 

 

THE CIVIL ENGINEERING JOURNAL 4-2017 

-------------------------------------------------------------------------------------------------------------- 

 

                                   DOI 10.14311/CEJ.2017.04.0036   453 

0.0 0.2 0.4 0.6 0.8 1.0
0

2

4

6

8

D
s (

m
m

)

Reduction ratio of  from  max to   ini  

 =30°,d =1.0,k =0.4

 =30°,d =1.0,k =0.5

  =30°,d =1.5,k =0.5

  =60°,d =1.0,k =0.4

  =60°,d =1.0,k =0.5

  =60°,d =1.5,k =0.5

 

Fig. 11 - Shear displacements at excavation wall varying with gradual reduction of fault shear 
strength for different combinations of horizontal stress ratio and fault spatial extension and location 

It could be seen in Figure 11 that, the shear displacements at excavation wall with different 

combinations of horizontal stress ratio and fault spatial extension and location show similar tendency. 

With gradually reduction of the input frictional angle of the fault, tunnelling-induced shear 

displacements increase only when the reduction ratios exceed about 0.4, and this phenomenon 

might be attributed to a stress redistribution process that, part of shear stress of slip-failure zones 

were transferred to nearby zones, and then the distinguishable rock slip was delayed. For cases in 

Figure 11 with larger distances between fault plane and tunnel center, tunnelling-induced shear 

displacements are much larger than that of other cases when fault frictional angles are reduced to 

ini . 

The effects of fault dip angle 

To reveal the effects of fault dip angle or horizontal stress of ground on the tunnelling-induced 

shear displacement at excavation wall, other important parameters in the numerical models should 

be given fixed values. As discussed before, the input frictional angle of fault should be in the range 

of from 
ini  to 

max . And for remarkable shear displacements from the numerical models, the input 

shear strength of the fault should better to be set at 
ini  according to Figure 11. The relationship 

between the initial required frictional angle ini  and horizontal stress ratio and fault dip angle 

graphically presented in Figure 12, however, shows that for a fixed dip angle of fault, there is no 

identical ini  could be approached when stress ratio changes. And this is a sign that analysing the 

effects of stress ratios on the tunnelling-induced shear displacement was hard to be performed. On 

the other hand, for a fixed stress ratio, there is identical a ini  that could be approached, which 

indicates that the analysis on the effect of fault dip angle on the tunnelling-induced shear 

displacement is practicable. 5 combinations of horizontal stress ratios and dip angles of faults are 
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presented in Figure 13 to demonstrate case pairs in the analysis on the effect of dip angle. And the 

case conditions of each combination were set with identical stress ratio and input frictional angle of 

fault. 

The fault dip angle is a main parameter that characterizing the spatial extension of a fault, 

which has a dominant influence on the ground stress distribution. And the rock deformations may 

show some different characteristics when tunnelling. Figure 14 demonstrates the shear 

displacements induced by tunnelling with different fault dip angles while other parameters in the 

models are fixed. It’s clearly seen that, fault dips have remarkable influences on the tunnelling-

induced shear displacements in each dip pairs. It also could be found that, the shear displacements 

in each pair of numerical models with larger dip angles are larger than that of models with smaller 

dip angles. And when the dip angles in each pair are getting closer, the differences of shear 

displacements get smaller. 

 

Fig. 12 - Variation of the initial required frictional angle of fault 
ini  with stress ratio of ground and 

dip angle of fault 
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Fig. 13 - Variation of the initial required frictional angle of fault 
ini   with dip angle of fault ( 0.5k  ) 
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Fig. 14 - Relationship between tunnelling-induced shear displacements and different fault dip angle 
pairs ( 0.5k  , 2.0md  ) 

It should be noted that, the effects of fault dip on the tunnelling-induced shear displacements 

sD  was investigated just for individual dip angle pairs that determined the same 
ini as the input 

frictional angle of a fault. And no relationship of shear displacements varying with continuous 
variation of fault dip angle was investigated. However, it still could be concluded that, larger fault dip 
angle ( >55   for specified stress ratio and spatial extension of a fault, according to Figure 13) is not 

favourable to the stability of host rock of tunnel related to fault when compared to the corresponding 
smaller one. 

The effects of fault location  

The distance between tunnel center and fault plane d  in detail, is an important parameter 

that characterizes the fault relative spatial location. As has been discussed before, only the lower 
frictional angle of a fault near the excavation wall was strongly affected by d  (Figure 10). Then, the 

effect of d  on the shear displacements could be investigated by giving fixed fault dip angles and 

horizontal stress ratios. 

Results of the four cases with d  increased from 0m to 3m presented in Figure 15 show similar 

tendencies, which could be described as: further the fault plane is away from tunnel center (no larger 

than the tunnel radius), larger shear displacement 
sD  induced by tunnelling at excavation wall could 

be expected. And the relationship of shear displacement varying with d  indicates that, when 

tunnelling in faulted hard rock, fault location with respect to tunnel has a dominant influence on the 
stability of rock near where fault intersecting with tunnel. 
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Fig. 15 - The relationship of shear displacements varying with d  ( =50  ) 

The 4 cases are modelled with different horizontal stress ratio and it seems that, larger stress 
ratio results in larger shear displacement. However, this apparent phenomenon could be explained 

by Figure 9 that, with a stress ratio closer to 1, the 
ini  input into the numerical model is smaller and 

resulting in larger shear displacements. 

CONCLUSIONS 

Based on continuum assumption and Coulomb-slip criterion, analysis of stress on the fault 
plane was carried out, and then a criterion to evaluate rock slip along the fault for a circular tunnel, 
which was excavated in rock mass containing a fault was proposed. The proposed criterion was 
validated through numerical models. By mathematically describing the proposed rock slip criterion, 
the “lower limit frictional angle of a fault” parameter was put forward, which was the required shear 
strength of local part of a fault to prevent rock slip. The main advantage of the proposed criterion is 
that the potential rock slip along a fault around a circular tunnel could be evaluated by simple 
calculations and comparisons. By theoretical analysis and numerical explorations, deeper insight 
into the fault-related instability problems of tunnels is provided, which could be summarized as below: 

The fault shear strength was proved to be the main parameter that controlled the stability of 
rock mass around the tunnel, when compared to required shear strength (the lower limit frictional 
angle of a fault). The required shear strength of a fault is determined by horizontal stress ratio of 
ground and the spatial extension and location of a fault, and the analysis of these important 
parameters’ influences on the lower frictional angle of a fault suggested that the rock slip instability 
near the excavation wall was strongly dependent on the fault spatial location. And this phenomenon 
was also demonstrated by the effect of fault location on the tunnelling-induced shear displacements 
near the excavation wall, as lager shear displacement appeared with larger distance between tunnel 
center and fault plane. 
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Fault dip in relation to the tunnel was proved to be an important parameter, which the required 
shear strength of the fault is dependent on. It is demonstrated that, the rock slip stability along the 
whole fault was influenced by the fault dip. Besides, the tunnelling-induced shear displacement at 
excavation wall with greater fault dip angle ( 0 90   ) was larger than that of the smaller 

corresponding fault dip with which the other parameters of the numerical models could be set as the 
same values. 

The effect of ground stress ratio also showed great influence on the stability problem of 
tunnels in faulted rock masses. With the stress ratio closer to hydrostatic stress state, the required 
shear strength of a fault is much smaller in the far field. Meanwhile, the required shear strength of a 
fault near the excavation wall is affected by the ground stress ratio much less, as it is mainly 
determined by fault location. 

Generally, the present research is based on elastic mechanics, and thus no plastic behaviour 
of rock could be considered, which might be the main limitation of this research. And if the plastic 
behaviour of rock could be taken into consideration, further explorations of the fault-related instability 
problems of tunnels could be more comprehensive and useful. 
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ABSTRACT 

Active vibration isolation is gaining increased attention in the ultra-high precision application 
of atom interferometry to effectively treat the unavoidable ground vibration. In this system, a digital 
control subsystem is used to process and feedback the vibration measured by a seismometer. A 
voice coil actuator is used to control and cancel the motion of a commercial passive vibration 
isolation platform. The system level simulation model is established by Simulink software, The 
simulation results demonstrate the asymptotic stability of the system and the robustness of the 
control algorithm. Compared with the conventional lead–lag compensation type controller, the 
algorithm adopted uses sliding mode control, taking advantage of its easy computer 
implementation and its robust high performance properties. With the feedback path closed, the 
system acts like a spring system with a natural resonance frequency of 0.02 Hz. The vibration 
noise in the vertical direction is about 20 times reduced during 0.1 and 2 Hz, The experimental 
results verify that the isolator has significant vibration isolation performance, and it is very suitable 
for applications in high precision gravity measurement. 

KEYWORDS 
  

Active vibration isolation, Low frequency vibration, Sliding control, Atom interferometry  

INTRODUCTION 

Ultra-low frequency vibration isolation has valuable applications in precision instruments 
such as laser interferometers, atomic force microscope, electron-beam microscopes and so on. 
Similarly, in our precision atom interferometry measurements which have been one of the best 
items of equipment to measure gravitational acceleration g. Any change in the relative paths of the 
two Raman beams due to vibrations will be seen as a spurious interferometer phase shift and 
noise in the measurement. This phase noise directly couples into the interferometer phase and 
completely washes out the interferometer fringes for longer pulse separations if not addressed1. 
For example, in the 5m atom interferometer(AI), the free evolution time T, can reach 0.8Hz greatly 
influences the experiment. Therefore, to suppress the low frequency noise primarily caused by the 
vibration of a retro-reflecting mirror mounted at the bottom of our AI. To prevent the interferometer 
fringes from washing out, vibrations have to be reduced to a level where the resulting phase shifts 
are much smaller than 1 rad. Appropriate vibration isolation of the retro-reflecting mirror is crucial 
for achieving clean atom interferometer fringes at long pulse separation. Constructing a vibration 
isolation platform capable of delivering sufficient performance has been the main task of this work 
and is described extensively in the paper. 

Chu’s team first constructed a system that isolates a key element of our experimental setup 
from vertical motions of the ground and the surrounding apparatus [1]. The system combines the 
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passive isolation of mechanical springs and an optical table floating on compressed air with an 
active system that measures the acceleration of the mass to be isolated and feeds back to a 
solenoid actuator to cancel this motion [2]. With the feedback path closed, the system acts like a 
spring-mass system with a natural resonance frequency of 0.033 Hz. The acceleration error signal 
is reduced from 0.1 to 20 Hz. Freier simplified the structure of his active vibration isolation lowering 
the effective resonance frequency from 0:5 Hz to 0:025 Hz by exerting an additional force to the 
payload mass and suppressed the vibrational noise from about 0.03 to 5 Hz by a factor of up to 
200.The vibration of the power spectral density stays on a roughly constant value of  

7
1 10 /g Hz


  between 0:03 Hz and 0.5 Hz3. The accuracy of the existing setup has been 

improved significantly from 
6

3 10 g


  to 
8

5 10 g


  .Tang suppress the vertical vibration (0.1–10 Hz) 

measured by the in-loop seismometer is reduced by an additional factor of up to 500 on the basis 
of a passive vibration isolation platform. 

The teams above mentioned used programs to measure the open-loop frequency response 
and to graphically set the parameters for the feedback lead–lag compensation filters. They got the 
highest possible feedback gain of the system with enough phase margin by adjusting the 
parameters of the feedback filters which is designed by using a combination of lag compensators. 
The combination of lag compensators contains multiple tuning parameters. For the sake of initial 
turn-on spike in Ref. [3] .The gain of feedback loop set to the designed value must be slowly 
increased to its final value over a period of about 3 mins [3]. To deal with these drawback, sliding 
control strategy which has the advantage of a simple structure, model-free, higher computation 
efficiency ability and few tuning parameters.We have designed and implemented an active system 
that combines relatively short mechanical springs with an electronic feedback loop to produce an 
almost critically damped spring-mass system with an effective resonance frequency of 0.02 Hz by 
using sliding mode control, thus significantly reducing the effect of harmful vibrations at frequencies 
from 0.05 to 10Hz [4-5].  

THEORY 

 (1)  Vibration Noise  

 The acceleration of the retro-reflector is indistinguishable for the gravimeter which can 
measure the gravitational acceleration by the equivalent principle. So the vibration noise has been 
is the largest noise source of the atomic interferometer, the effect of vibration noise suppression 
determines the performance of gravity acceleration measurement [6]. The sensitivity of the 

vibration acceleration function can be expressed as ( )ag t : 

0

( , )
( ) 2 lim

a

a a

a

a

P t
g t



 



                                                                      (1) 

Where a  is an infinitesimal disturbance, ( )sg t is the sensitivity function of the gravimeter, 

the relationship between ( )ag t  and ( )sg t  can be expressed as: 

                      

2

2

( )
( ) a

s

eff

d g t
g t

k dt
                                                                                    (2) 

Where effk is Raman wave number. The relationship between the vibration acceleration 

transfer function ( )aH w and the interferometer transfer function ( )H w can be expressed as: 

               
2

22

4
( ) ( )

eff

a

k
H w H w

w
                                                                        (3) 



 
  Article no. 37 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0037 461 

 

Assume that the power spectral densities of the vibration displacement and the vibration 

acceleration respectively are ( )ZS w and ( )aS w  ,the power spectral density of the phase ( )S w  can 

be expressed as: 

2

2

4
( ) ( ) ( )

eff

eff Z a

k
S w k S w S w

w
                                                                           (4) 

The rms(root mean square) value of the total phase of the interferometer can be expressed 
as: 

            
2

2

0
( ) ( ) ( )

rms
H w S w dw  



                                                                             (5) 

The acceleration transfer function is a low-pass filter effect, the filter cut off rate is 1 / (2 )T . 

With the experimental parameters 70T ms and 4 s  , ( )aH f  can be expressed as: 

2

4
( ) sin( ( 2 ) )(sin( ) 4 cos( ( 2 ) ))

1 (4 )
H f T f Tf f T f

f
     


   


                      (6) 

From Figure 1 we can see low frequency vibration has more weight coefficient than high 
frequency vibration. The surrounding vehicle movement, construction activities around our 
laboratory have a great impact on interferometer [7-8]. The function of gravity acceleration g

measured by interferometer can be expressed as: 

                     2

1

eff

g
k T

                                                                                             (7) 

where  is the phase of the interferometer. In order to assess the effect of vibration on the 

phase, we have mounted retro-reflector mirror on passive isolation platform and measured noise 
power spectrum which can calculate the contribution of vibration noise under different T. 

 

 

             Fig.1 -  Weight function curve of influence of Phase Noise on Interferometer Phase 
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Tab. 1 - Contribution of vibration noise under different T 

T 

（ms） phase of  the interferometer
( )mrad

 

40 18.2 

50 25.0 

60 32.5 

70 42.2 

 

(2)  Mechanical system 

A typical schematic diagram of active vibration isolation is shown in Figure 2. Motion from 
the ground passing through the spring and damping system drives the mass. A sensor detects the 
motion of the mass and feedback it to an actuator to generate an equal force in the opposite 
direction to cancel the motion of the mass [9]. 

The mechanical setup is based on a commercial passive isolation platform. (25BM-4, Minus 
K Technology, Inglewood, CA, USA). It has a net payload of 4.5 kg to 10 kg and is easily 

transportable with dimensions of approx. 31 31 11.7cm   and a weight of 9 kg. By employing 

patented mechanism using negative stiffness elements, it provides vibration isolation in 3 spatial 
directions with a low vertical resonance frequency of 0:5 Hz and a horizontal resonance frequency 
of 1:5 Hz. It is clear that passive vibration isolators can only isolate against ground motions at 
frequencies above 0:7Hz. There is no effect for vibration below 0.5 Hz. A broadband and sensitive 
commercial seismometer (CMG-3ESPC) is installed on the top of the passive isolator [10-11]. The 
seismometer is a triaxial sensor, and can directly measure the velocity of the platform caused by 
ground vibration. It can measure very low frequency velocity from 0.017 to 50 Hz with sensitivity of 

2
2040 /V ms

  and a noise level lower than 9
10 /g Hz

 , The maximum peak-to-peak value of the 

differential output voltage of the seismometer is 10V [12-15].The voltage signalfrom the 

seismometer is collected by a FPGA based data acquisition and processing card (NI-9223, 
National Instruments Corporation, Austin, TX, USA) which is 16-bit resolution.  

 

      
                                  (a)                                                                           (b) 

Fig.2 - (a) and (b) Mechanical setup of our active VIS.(A)mirror, (B)seismometer, (C) voice coil 
motor, (D) translation stage, (E) counter weight, (F)passive vibration isolation platform 

x

y

A

E
D

C

B

F
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Fig.3 - Diagram of the feedback loop   

The  acquisition and processing card can only resolve the vibration velocity  signal of 
7

1.5 10 /m s


 ,but vibration speed goal is 8
6.28 10 /m s


 , so the velocity signals from the sensor 

are amplified by independent low-noise amplifiers(AD624) which pin programmable gains of 
1,200,500 and 1000 can be provided on the chip.We used a National Instruments compactRIO 
Real-Time Computer System (NI cRIO9031, National Instruments Corporation,Austin, TX, USA) 
with an FPGA backplane to perform the sliding mode control. All programs were written in NI 
LabVIEW 2016, The system is controlled remotely via LabVIEW which allows easy access from 
the main control computer of the atom interferometer. The program running on the FPGA chip and 
a control and monitoring program implemented on a 1.33GHz CPU which is also part of the cRIO 
system. The driven current for the voice-coil comes directly from a voltage controlled-current-
source (VCCS). The VCCS can provide a current of 500 mA with 5 V driving voltage. The 
frequency response of the VCCS will limit the bandwidth of the feedback loop. The corner 
frequency of the VCCS circuits is larger than 100 Hz, while the demand for our feedback loop is 
only 50 Hz, thus the bandwidth is large enough. Due to size restrictions inside the vertical vibration 
isolator, small actuators (LA12-17, BEI Technologies, San Marcos, CA, USA) manufactured with a 
diameter of 30.48mm and a mid-stroke length of 43.18mm were chosen. Because the clearance on 
each side of voice coil actuator is 0.38 mm, the coil side is mounted on a two-dimensional 
translation stage, which is used to adjust the space between the coil and magnet [16-18]. The 
magnet side is mounted on an aluminum plate as shown in Figure 2. A copper coil and magnet s of 
voice-coil type actuators, each comprised of a copper coil and magnet, are used to provide 
feedback forces. The force constant is 7.46 N/A, which is obtained by measuring the excited 
acceleration under a constant driving current. Diagram of the feedback loop is shown in Figure 3. 

A mass m whose motion x we wish to decouple from any motion of the ground y is 
suspended from a spring with linear spring constant k and damping factor c (Figure 1). By 
analyzing the system we get a well known linear 2nd order dynamic equat ion with constant 
coefficients [19-21]: 

2

0 0 0
2 ( ) ( )

F
x x y x y

x
                                               (8) 

Where 
0

/k m   is the intrinsic resonance frequency, 0 0/ 2c m   is the intrinsic 

damping constant, 2F mHx  ， H  is the adjustable gain factor of feedback force magnitude. 

The transfer function of this active system is obtained by Laplace transformation to both sides of 
Equation 6: 
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2

0 0 0

2 2

0 0 0

2 ( )

( ) 2 ( )( )

ix

y i H i

   

    




  
                                       (9) 

Equation 8 shows that with the increase in feedback gain H  which lower the effective 
resonance frequency and thus increase the range over which the system tends to isolate motions 
of the ground from motions of the mass [22-23]. 

We use signal generator ((DGU1022, RIGOL Corporation, Beijing, China) to produce the 
frequency swept slowly from 0.03 to 300 Hz to make sure that the data acquisition (DAQ) card 
obtains enough velocity response data of the platform to calculate its transmissibility. From Figure 

4 and Figure 5 we can calculate that 0 2 0.7 4.396     and  0 0.1  . 

 

 
Fig. 4 - Magnitude bode plot of open loop 

 
 

 
Fig. 5 - Phase bode plot of open loop 
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SLIDING MODE CONTROL ALGORITHM  

(1)  Controller Design 

From Equation 9 we can deduce active vibration isolation system mathematical model: 

0x ax lx bu d                                                                    (10) 

Where 
2 2

0 0 0 0 0 0

1
2 , , , 2 ,a l b d y y F ku

m
             , u is sliding controller output 

voltage, d is external disturbance,. d is coefficient between the force of voice coil motor and 

controller output voltage [24-26]. 

Sliding surface can be designed as: 

( ) ( ) ( )s t ce t e t                                                                  (11) 

Where 0c  ,meet Hurwitz condition.Error and its derivative can be expressed as: 

                                      ( )
d

e t x x                                                                          (12) 

                                     ( )
d

e t x x                                                                           (13) 

Where 0dx   is the setpoint of the vibration displacement, 0dx   is the setpoint of the 

vibration velocity,thus: 

( ) ( ) ( ) ( ) ( )d ds t ce t e t c x x x x                                             (14)  

Substituting Equation (10) into Equation (14) , the following can be achieved: 

( ) ( ) ( ) ( )s t c x ax cx bu d c a x cx bu d                                    (15)  

Index approaching law can be designed as: 

                                       ( ) sgn( )s t s ks                                                              (16) 

Where 0, 0k   . 

Equation 15 and Equation 16 can be achieved: ( ) sgn( )c a x cx bu d s ks         

sgn( )s  can be described as: 

Where 
















01

00

01

)sgn(

x

x

x

s  

Sliding mode control law can be expressed as: 

1
[ ( ) sgn( ) ]u c a x cx s ks d

b
                                           (17) 

Obviously,disturbance d is unkown, The above control law can not be achieved, we used 

disturbance bound to design control law in order to solve this problem [27-28]. 

Sliding mode control law can be designed as: 

( ) ( ) ( ) ( )s t c x ax cx bu d c a x cx bu d                                           (18) 
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Where c
d is positive real number related to disturbance d  bound. 

Substituting Equation 18 into Equation 15 , the following can be achieved: 

 
1

[ ( ) sgn( ) ]
c

u c a x cx s ks d
b

                                                             (19) 

The stability of the control system is ensured by selecting c
d ,satisfy the sliding mode arrival 

condition,assume:                        L Ud d d                                                                             (20) 

Where Ld and U
d are disturbance bound. 

2 1 sgncd d d s                                                                       (21) 

Where 1
2

U L
d d

d


 and 2
2

U L
d d

d


  

 
Fig. 6 - Diagram of the Sliding control 

 

 (2)  Simulation 

 
Fig. 7 - Sliding controller output 

Figure 7 shows the control input for sliding controller. As can be seen, the control input of 
sliding controller shows continuous fluctuations. This is because the rule bank changes with each 
sampling point, and the continuous switching back and forth produces this chattering. By injecting 
a sinusoidal signal into the system (Figure 8),one can also observe that the control is effective in 

suppressing vibrations. Acceleration in z is reduced from 1 to 
6

10


.Overall, the sliding controller is 

better than the lead–lag controller; it has better vibration isolation effect. 
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Tab 2. - Values of control parameters used in Sliding control 

Symbol Description Properties Unit 

0
 natural resonance frequency 4.396 rad… 

0


 natural damping constant 0.1 N/(m/s) 

m  Weight of load 10 Kg 

c  Sliding surface coefficient 15 

 
U

d
 Upper bound 26 

 
Ld

 Lower bound -26 

 

  

exponential approach law 
coefficient 1000 

 
k  

exponential approach law 
coefficient 1000 

  

 
Fig. 8 - Vibration isolation simulation results of sliding controller 

 

(3)  Experiment Results 

The performances of our active vibration isolation are shown in Figure 9. Figure 9 shows 
that the vibrational noise around 0.8 Hz has been suppressed by up to 300 times when the 
feedback is turned on with in loop measurement. The actual bandwidth of in-loop measurement 
was 0.08–10 Hz, which matched the theoretical prediction. Maximum vibration suppression is 
higher than 300 at the intrinsic resonant frequency of the passive system, and the vibration of 
0.08–0.1 Hz was reduced by a factor of 3, while the vibration of 0.1–3 Hz was reduced by a factor 
of more than 50. 

javascript:showjdsw('showjd_1','j_1')
javascript:showjdsw('showjd_1','j_1')


 
  Article no. X 

 
THE CIVIL ENGINEERING JOURNAL Y-20ZZ 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0037 468 

 

 
                               Fig. 9 - The performance of our active vibration isolation 

The interference fringe of T = 60 ms is obtained by varying the chirp rate, which is 
displayed in Figure 11. The phase measurement of the fringe is obtained with a sinusoidal fit of the 
experimental data. The total interrogation time is optimized to 120ms and repetition rate is 2.2 Hz. 
The number of total points is 57 and each point is obtained as an average of four times; one full 
fringe period corresponds to 102 s. 

CONCLUSIONS 

We have implemented this active vertical vibration isolation system, by comparing the error 
signal reduction of our single-stage vertical vibration isolation system with the reported isolation of 
with the lowest effective resonance frequency. Maximum vibration suppression is higher than 300 
at the intrinsic resonant frequency of the passive system, and the vibration of 0.08–0.1 Hz was 
reduced by a factor of 3, while the vibration of 0.1–3 Hz was reduced by a factor of more than 

50.Despite a short total interrogation time of 120 ms, a sensitivity of 7
1.0 10 /g Hz


 and a 

resolution of 
9

5.7 10 g


  within 1000 s integration time were achieved. The long-term gravity data 

of 128 h were measured and they are in good agreement with the standard tidal model. In addition, 
a seismic wave of about 1h has been recorded by our atomic gravimeter.  

ACKNOWLEDGEMENTS 

This study was supported by the National Natural Science Foundation of China (Grant Nos. 
61475139) and National Basic Research Program of China (973 Program-2013CB329501).Our 
gratitude is also extended to reviewers for their efforts in reviewing the manuscript and their very 
encouraging, insightful and constructive comments. 

REFERENCES 

[1] Hensley, J. M., et al. (1999). "Active low frequency vertical vibration isolation." Review of Scientific 

Instruments, 70(6): 2735-2741. 

[2]     Zhou, M. K., et al. (2015). "Note: A three-dimension active vibration isolator for precision atom 

gravimeters." Review of Scientific Instruments, 86(4): 046-108. 



 
  Article no. X 

 
THE CIVIL ENGINEERING JOURNAL Y-20ZZ 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0037 469 

 

[3]      Tang, B., et al. (2014).  "A programmable broadband low frequency active vibration isolation system 

for atom interferometry." Review of Scientific Instruments, 85(9): 093-109. 

[4]    Wang wen-chao., et al.(2010)."Design and Matlab simulation of an ultra-low frequency vibration-

isolating system for atom interferometers." Chinese Journal of Quantum Electronics, 27(3): 367-372. 

[5] Tjepkema, D., et al. (2012)."Sensor fusion for active vibration isolation in precision equipment." 

Journal of Sound and Vibration,331(4): 735-749. 

[6]     Boulandet, R., et al. (2016)."A sensorless method for measuring the point mobility of mechanical 

structures." Journal of Sound and Vibration, 378: 14-27. 

[7]        Tang, B., et al.(2014). "A programmable broadband low frequency active vibration isolation system 

for atom interferometry." Review of Scientific Instruments, 85(9): 093-109. 

[8] Fu, J., et al. (2016)."Model-free fuzzy control of a magnetorheological elastomer vibration isolation 

system: analysis and experimental evaluation." Smart Materials and Structures, 25(3): 035030. 

[9] Ahmad Mazlan, A. Z. and Z.Mohd Ripin (2017). "The effective frequency range of an active 

suspended handle based on the saturation effects of a piezo stack actuator." Journal of Vibration and 

Control, 23(5): 752-769. 

[10] Aloufi, B., et al. (2016)."Modeling and design of a high-performance hybrid actuator." Smart Materials 

and Structures, 25(12): 125004. 

[11] Liang, J. W., et al. (2013)."Active suppression of pneumatic vibration isolators using adaptive sliding 

controller with self-tuning fuzzy compensation." Journal of Vibration and Control, 21(2): 246-259. 

[12] Yen, J.-Y., et al. (2005)."Active vibration isolation of a large stroke scanning probe microscope by 

using discrete sliding mode control." Sensors and Actuators A: Physical, 121(1): 243-250. 

[13] Li, B., et al.(2014). "Dynamic modeling and control for a five-dimensional hybrid vibration isolator 

based on a position/orientation decoupled parallel mechanism." Journal of Vibration and Control ,22(15): 

3368-3383. 

[14] Hogsberg, J. and M. L. Brodersen (2014). "Hybrid viscous damper with filtered integral force 

feedback control." Journal of Vibration and Control 22(6): 1645-1656. 

[15] Xia, Z., et al. (2016). "Non-linear dynamic analysis of double-layer semi-active vibration isolation 

systems using revised Bingham model." Journal of Low Frequency Noise, Vibration and Active Control 

,35(1): 17-24. 

[16] Li, G., et al.(2014). "Ultra-low frequency vertical vibration isolator based on LaCoste spring linkage." 

Review of Scientific Instruments, 85(10): 104502. 

[17]        Kim, M. H., et al. (2016)."Design and Control of a 6-DOF Active Vibration Isolation System Using a 

Halbach Magnet Array." IEEE/ASME Transactions on Mechatronics 21(4): 2185-2196. 

[18] Van de Ridder, L., et al. (2016)."Coriolis mass-flow meter with integrated multi-DOF active vibration 

isolation." Mechatronics 36: 167-179. 

[19] Chen, H. Y., et al. (2013)."Active pneumatic vibration control by using pressure and velocity 

measurements and adaptive fuzzy sliding-mode controller." Sensors (Basel), 13(7): 8431-8444. 

[20] Persson, P., et al. (2016)."Numerical study of reduction in ground vibrations by using barriers." 

Engineering Structures ,115: 18-27. 

[21] Stabile, A., et al.(2017). "Design and verification of a negative resistance electromagnetic shunt 

damper for spacecraft micro-vibration." Journal of Sound and Vibration, 386: 38-49. 

[22] Plattenburg, J., et al. (2016). "A new analytical model for vibration of a cylindrical shell and 

cardboard liner with focus on interfacial distributed damping." Mechanical Systems and Signal Processing, 

75: 176-195. 

[23] Sang, H., etal.(2016). "A fuzzy neural network sliding mode controller for vibration suppression in 

robotically assisted minimally invasive surgery." Int J Med Robot, 12(4): 670-679. 

[24] Ning, D., et al. (2016). "Active control of an innovative seat suspension system with acceleration 

measurement based friction estimation." Journal of Sound and Vibration, 384: 28-44. 

[25] Le, T. D.and K. K.Ahn (2013)."Fuzzy sliding mode controller of a pneumatic active isolating system 

using negative stiffness structure." Journal of Mechanical Science and Technology, 26(12): 3873-3884. 

[26] Ouyang, H., et al. (2016). "Load vibration reduction in rotary cranes using robust two-degree-of-

freedom control approach." Advances in Mechanical Engineering,8(3): 168781401664181. 



 
  Article no. X 

 
THE CIVIL ENGINEERING JOURNAL Y-20ZZ 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0037 470 

 

 

[27] Tourajizadeh, H. and S.Zare (2016)."Robust and optimal control of shimmy vibration in aircraft nose 

landing gear." Aerospace Science and Technology, 50: 1-14.  

[28] Oliveira, F., et al.(2015)."A comparative study of semi-active control strategies for base isolated 

buildings." Earthquake Engineering and Engineering Vibration, 14(3): 487-502 



 
  Article no. 38 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
--------------------------------------------------------------------------------------------------------------- 

 

     DOI 10.14311/CEJ.2017.04.0038 471 

 

INPUT DATA OF BURNING WOOD FOR CFD MODELLING 
USING SMALL-SCALE EXPERIMENTS 

 

Petr Hejtmánek1, Libor Ševčík 2 and Kamila Cábová3 
 

1. Czech Technical University, Faculty of Civil Engineering , Department of Building 

Structures, Thákurova 2077/7 , Prague, Czech Republic; hejtmpet@fsv.cvut.cz 

2. Technical Institute of Fire Protection in Prague. Písková 42, Prague 4 – Modřany, 
Czech Republic; libor.sevcik@tupo.izscr.cz 

3. Czech Technical University, Faculty of Civil Engineering, Department of Steel 

and Timber Structures, Thákurova 2077/7, Prague, Czech Republic; 

kamila.cabova@fsv.cvut.cz 

ABSTRACT  

The paper presents an option how to acquire simplified input data for modelling of burning 
wood in CFD programmes. The option lies in combination of data from small- and molecular-scale 
experiments in order to describe the material as a one-reaction material property. Such virtual 
material would spread fire, develop the fire according to surrounding environment and it could be 
extinguished without using complex reaction molecular description. Series of experiments including 
elemental analysis, thermogravimetric analysis and difference thermal analysis, and combustion 
analysis were performed. Then the FDS model of burning pine wood in a cone calorimeter was built. 
In the model where those values were used. The model was validated to HRR (Heat Release Rate) 
from the real cone calorimeter experiment. The results show that for the purpose of CFD modelling 
the effective heat of combustion, which is one of the basic material property for fire modelling 
affecting the total intensity of burning, should be used. Using the net heat of combustion in the model 
leads to higher values of HRR in comparison to the real experiment data. Considering all the results 
shown in this paper, it was shown that it is possible to simulate burning of wood using the 
extrapolated data obtained in small-size experiments. 

KEYWORDS 

 Combustion of wood, Pine, FDS, Cone calorimeter, FTCH, Small-size experiment 
 

INTRODUCTION 

Computer based modelling of a fire is the one of the progressive methods in fire safety 
engineering. This approach, used in performance-based design, brings new possibilities to fire safety 
design of the buildings, which would not be allowed to build according current prescriptive approach 
or they would require many fire safety appliances and the costs would be inadequate. Computer 
modelling is a powerful tool, however, it is still a tool only and it comes with several problems or 
disadvantages. Except others, the method needs a detailed and precise description of input 
parameters. The numerical solution also takes a lot of time and it demands a lot of computing power.  

For pyrolysis and combustion modelling, fire-technical characteristics (FTCH) are the most 
important input parameters and its obtaining is not an easy task. This task has been a subject of 
research for many years. Input data for numerical modelling in terms of material pyrolysis properties 
are introduced in [1]. If we want to model the real-size environment, there are several attitudes, how 
FTCH can be obtained: 
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 The most precise values can be acquired from large-scale experiments. There is no 
problem with power and dimensions scaling during a full-scale experiment, on the other hand, 
it is time and money consuming and it might not match every model application. General 
characteristic (the “final” characteristics respectively) can be obtained. 

 Intermediate- or small-scale experiments are much cheaper and it is possible to run series 
of them to obtain mean values. But there is a question, whether the values are size 
independent or whether the FTCH must be modified when used on a bigger model object. 
Again, the “final” characteristics can be obtained. 

 Completely different attitude is used with molecular-scale experiments. Such experiments 
give very good knowledge about decay and pyrolysis and those values are size-independent. 
On the other hand, it is not the final FTCH and the modelling software has to compute the 
reaction with given data in every cell in every time step and it protracts the computation. This 
method, as it will be mentioned lower, is almost impossible to run in real-scale building 
applications.  

 

 This paper deals with an optimizing the input phase of fire modelling and it analyses the 
possibility of using combination of small- and molecular-scale experiments to obtain the “final” 
characteristics. The goal of the research is to acquire data that can be simplified to a CFD code as 
a one-reaction material property: so it would be able to simulate heat effect of the wood without direct 
description of HRR and without need of combustion parameters and setting the reaction, so it can 
be extinguished, for example. 

Series of experiments were performed and then the FDS model of cone calorimeter was built 
where those values were used. The model was verified comparing the model HRR with the data 
from the real cone calorimeter experiment. All the experiments were performed with pine wood.  

METHODS 

For the numerical modelling purpose, the Fire Dynamics Simulator (FDS) was chosen. It is a 
solver based on finite volume calculation methods called Computational Fluid Dynamics (CFD). This 
open source software was first released in 2000. The solver itself does not have any user interface. 
The creation of a model required a knowledge of special FDS language code. For the purpose of 
preparation of the FDS model the commercial software (e.g. Pyrosim) can also be used. In this paper 
the basic FDS version 6.1.2 was used. 

As well as there are several methods of obtaining FTCH, there are two methods, how to 
describe the pyrolysis and combustion in modelling software, namely FDS: Firstly, it is possible to 
use the “final” characteristics, such as HRR, on the object. This method does not require any 
additional computational time, on the other hand, directly entered HRR cannot react on the 
environmental changes (for example extinguishing effect of sprinklers). And secondly, it is possible 
to enter the complex pyrolysis data from molecular-scale experiments and model the pyrolysis and 
combustion. Because the combustion conditions are revised and computed in every cell and in every 
time step, it respects the environment, but it is vastly time-consuming. The FDS model, which is 
described in this paper, covers a relatively small computational space. In the space there are applied 
as many of elementary attributes as possible in order to calculate temperature analysis of pine wood 
with high level of accuracy. First of all, the geometry of the model was built. After that heating 
conditions of the model as well as the material properties were determined.  
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COMPOSITION OF WOOD AND BURNING OF WOOD 

The main goal of conducted small-scale experiments was to determine as many elementary 
attributes as possible. For the simulation purpose it is necessary to define a proper pyrolysis model 
which contains the material properties and the reaction of combustion solids. Both of these attributes 
contribute to burning process of solids in the FDS. 

Material properties define the speed and intensity of reaction which the material undergoes 
during the heating. After building up a geometry and defining the heating condition of the model it is 
necessary to determine composition of the materials. Wood is highly complex biopolymer material. 
Biopolymer substances, often in literature described as the main building elements of the wood, 
cover 90–97 %. Cellulose and hemi cellulose stands for approximately 70 % of this main substance. 
Approximately 30 % of total mass consists of substance called lignin. The other substances are 
described as accompanying substances, e.g. waxes, tannins, minerals etc. [2]. For modelling 
purposes, it is ideal to define as many substances as possible in one material.  

Every substance in wood has its own function and exhibits unique behaviour during the 
heating. In a microscopic level the wood is created by the cell walls. Function of the main elements 
can be likened to concrete. Basic structural component which creates a frame of the cell is cellulose. 
In concrete analogy it can be compared to aggregates. Hemicelluloses is often likened to a 
cementing material, which holds the frames together. There are many different types of 
hemicelluloses. Some of them are very flammable and some of them are not. In general, it can be 
said that hemicelluloses are greatly contributing to fire development. The last major substance is 
lignin. It can be likened to an accompanying substance in concrete analogy which is surrounding 
and strengthening the cells [3]. Lignin consists of mutually connected benzene rings. In other words, 
it is created mostly from incombustible carbon. From the fire engineering point of view, the very 
interesting fact is that lignin contributes to the creation of protecting char layer greatly during the 
heating process. 

 

  
Fig. 1 - Thermal analysis of cellulose in air [4] Fig. 2 - Thermal analysis of wood in air [4] 

Despite of “inflammable” lignin the wood is still considered as combustible material because 
it contains high amount of extremely flammable cellulose. Figures 1 and 2 describe the data from 
thermogravimetric analysis (TGA). The TG curve shows the function of mass loss of cellulose and 
wood exposed to elevated temperature. As shown, fire behaviour of the cellulose in TGA is very 
similar to the wood behaviour. The differential thermal analysis (DTA) curve is the first derivation of 
the TG curve. It describes the momentary speed of mass loss reaction with elevated temperature.  

When cellulose was tested (Figure 1), the first mass loss is found around 100 °C and it can 
be connected with evaporation of bound water, where about 10 % of original mass was lost. First 
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exothermic peak is found at temperature around 350 °C (around 70 % of mass loss). This thermal 
degradation is associated to oxidation of cellulose into laevoglucosan, water carbon monoxide and 
carbon dioxide. The last peak around 450 °C (around 10 % of mass loss) represents breaking 
carbon-carbon bonds [5, 6]. Although the wood contains many different kinds of substances, it 
depends mostly on the combustion of cellulose and the main mass loss and energy release is found 
around 350 °C, when cellulose is decomposed. This finding is used further in FDS modelling, where 
the wood is viewed as single-component single-reaction material with water in the form of moisture. 

MATERIAL PROPERTIES BASED ON EXPERIMENTS 

It is necessary to assign detailed material properties to all obstacles in the FDS model. 
Required data were obtained by performing an elemental analysis of pine wood. The sample material 
was grinded to a very fine powder in a laboratory of fuel analysis at University of Chemistry and 
Technology in Prague (UCT). The sample used for an experiment was thoroughly chosen as it was 
required not to have any defects such as knags etc. 

After grinding the sample, the humidity test was performed. The result was 7,76 % of the 
mass. The heat of combustion test was the next small-scale experiment performed in the laboratory. 
Data obtained from this experiment belong to the main FTCH which affects the total burning intensity 
in the model. Performed experiment provided the heat of combustion value of 16,94 MJ·kg-1. This 
value is very similar to the one specified in the Czech technical standard ČSN 73 0824 [7]. The value 
of the heat of combustion of the pine wood equals here to 17,00 MJ·kg-1. However, this value cannot 
be used for model purposes as it does not correspond to a real situation. The measured value is so 
called “net heat of combustion” and can be achieved only in laboratory conditions when all the 
sample materials including the carbon rests and other products of burning are burned down. In real 
situation as well as during the cone calorimetry test a great amount of energy stays unused. This 
type of heat reaction is called “effective heat of combustion”. This value depends on the process of 
heating of the material and it can be obtained by performing cone calorimetry experiment. The 
effective heat of combustion value obtained from cone calorimeter was 11,41 MJ·kg-1. Heat flow 
used in this experiment was 35 kW·m-2. The model simulation was performed twice – using net heat 
of combustion value and value of effective heat of combustion. 

Tab. 1 - Entered heat of combustion to the model 

Heat of combustion 

Type of 
experiment 

TÚPO 
Cone Calorimeter 35 kW·m-2 

UCT Prague 
Bomb Calorimeter IKA C200 

ČSN Standard 
value [7] 

Value [MJ·kg-1] 11,41 16,94 17,00 

The other part of the grinded sample was conserved and sent to the laboratory for performing 
elemental analysis. This experiment covers all the combustible sulphur – both organic and inorganic 
– as well as organic and inorganic carbon. Analysis is performed with a very small amount of the 
sample. Maximum weighted amount for the Elementar Vario apparatus is 5 mg. The results of this 
analysis are shown in the Table 2. 

Tab. 2 - Results of elemental analysis 

Sample Amount (mg) % N % C % S % H 

E 1 - CVUT 3,114 - 47,400 - 6,477 

E 2 - CVUT 4,047 - 47,340 - 6,508 

E 3 - CVUT 4,149 - 47,250 - 6,551 
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Results show that there is neither nitrogen nor sulphur in any form in the sample material. 
Content of hydrogen is variable depending on the humidity of sample material. The average value 
of hydrogen is 6,512 %. Carbon is highly represented in the wood as it is the main unit of all wood 
components (e.g. cellulose). Average carbon content is 47,330 %. The rest is oxygen. Content of 
this element is 46,158 %. Data obtained during elemental analysis were used for checking the 
chemical formula of pine wood which can be found in literature. Chemical formula of pine wood is 
CH1,7O0,83 [8]. Ratio between the pine wood mass and water moisture was specified to 92,2:7,8. 

Specific heat capacity, conductivity and density were specified for both of them [8]. 

Tab. 3 - Material properties 

  Density [kg·m-3] 
Specific heat 

capacity [kJ·kg-1·K-1] 
Thermal conductivity 

[W·m-1·K-1] 

Water 1000 4,18 0,6 

Pine wood 520 2,5 0,2 

Char layer 200 1,6 1 

Determination of the appropriate thermal response was essential for creating the pyrolysis 
model. FDS solver is sufficient with the final products of combustion in material section, resp. in this 
section the percentage of material that is transformed to both non-combustible rest and to gas is 
specified. 

In the model as well as in the real situation the solid material is not burnt. After heating above 
certain temperature, the material is degraded with heat without the access of oxygen (pyrolysis). 
Material structure is changed in this process. The carbon bonds in main material component are 
disrupted. Cellulose macromolecules are shortened and during this process flammable substance 
are produced. A good example is an unstable compound of laevoglucosan. Gas and solid ratio is  
essential for model situation as it determines the amount of fuel which is then changed to thermal 
energy and therefore to HRR. The gas and solid ratio was found by simple experiment which was 
performed in the Technical Institute of Fire Protection in Prague (TÚPO). The sample was weighted, 
completely burnt down and then weighted again. There were two samples examined in the test. 
Results are shown in the following Table 4. 

Tab. 4 - Weight of samples before and after burning 

 Unit Experiment nr. 1 Experiment nr. 2 

Weight of sample g 21,7 18,92 

Weight of residue g 3,32 2,71 

Weight difference g 18,38 16,21 

Weight difference was 84,7 %. This measurement was also a part of experiment called Analysis of 
Combustion Products which is described in the other part of this article. 

Thermogravimetric analysis 

Except the final products of pyrolysis, it is necessary to define the process of the reaction. In 
other words, to define the temperature and reaction rate when the material is transformed. These 
variables can be defined with coefficient based on Arrhenius equation. This equation describes the 
relationship between the reaction temperature and the reaction rate. Generally, the higher the 
temperature is, the higher the reaction rate is. These variables can be used in FDS code in two ways. 
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The first way covers the direct use of both variables in the code. They can be calculated from the 
following formulas [8]: 

𝐸𝑖,1 =
𝑒 𝑟𝑝.𝑖

𝑌𝑠,𝑖(0)
 
𝑅 𝑇𝑃,𝑖

2

�̇�
       ;     𝐴𝑖,1 =

𝑒 𝑟𝑝.𝑖

𝑌𝑠,𝑖(0)
 𝑒𝐸 𝑅 𝑇𝑃,𝑖⁄  (1); (2) 

where 𝑟𝑝,𝑖 𝑌𝑠,𝑖(0)⁄  is the reference rate of reaction, the R factor expresses the molar gas 

constant and 𝑇𝑃,𝑖 stands for the reference temperature of chemical reaction.  

All the unknown variables can be found out during the thermogravimetric analysis (TGA) 

experiment. Parameter �̇� describes the rising rate of temperature in the furnace. 

Another way of defining the kinetic parameters is a straight assigning of the above mentioned 
parameters from TGA. FDS solver is able to calculate these kinetic parameters. This data should be 
given for each pyrolysis reaction. Each material in FDS can undergo only one reaction. If there are 
two materials defined (pine wood and water), two pairs of kinetic parameters have to be defined in 
FDS. Results of thermogravimetric analysis, which was carried out with TG-DTA thermal analyser 
Setaram Setsys Evolution in Laboratory of Thermal-Gravimetric Analysis (TGA), UCT Prague, are 
shown in the following graph. 

 
Fig. 3 - TGA data of pine wood 

The dashed curve represents the decrease of weight of the tested sample. The decrease of 

weight depends on the temperature rise. The rise was 5 K·min-1 (�̇�). The black full curve represents 
the rate of weight decrease depending on the temperature. The grey full curve represents the heat 
flow produced by the material during the experiment. From the results of thermogravimetric analysis 
it is possible to identify how many reactions the material undergoes during heating. The decrease of 
curve means a reaction. When the temperature reaches 100 °C, the material undergoes the first 
reaction dehydration – evaporation of unbounded water. Another reaction comes at 335 °C (another 
curve decrease), which represents the cellulose and other wood components degradation. The third 
decrease comes at 440 °C and this is the final degradation of lignin. Reference temperatures (𝑇𝑃,𝑖) 

used in FDS model are 100°C for water and 335 °C for pine wood. Material consists of two 
components and so the temperature 442 °C was not used in the FDS model. Also the intensity of 
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reaction is very important. This can also be read from the graph. This value can be found at the top 
of the curve. Water reaction intensity is 0,00033 s-1, pine wood reaction intensity 0,00267 s-1 and 
charring reaction intensity is 0,00036 s-1. 

REACTION OF COMBUSTION BASED ON EXPERIMENTS 

Although wood combustion might look like one complex process in the real life situation, it is 
actually a mixture of two processes: pyrolysis and combustion. Pyrolysis is the process of solid state 
decomposition to various gases; combustion, on the other hand, is burning of those flammable 
gases. In the FDS, those two processes must be distinguished and separately entered. In presented 
proposal, the pyrolysis is described with stoichiometric equation with values of both reactants and 
products. To get this equation, it is necessary to explicitly define the chemical reaction of combustion. 
This equation determines the combustion intensity of the elements that has been created during the 
combustion process.  

Analysis of combustion products 

The chemical reaction of combustion which is essential for accurate modelling cannot be 
made without the knowledge of stoichiometry rations of combustion products. The analysis to 
determine the stoichiometry ratio was held in TÚPO. 

For the experiment, the smoke chamber which corresponds to the requirements of ISO 5659-
2 [10] was used. There were two test samples of pine wood. The smoke chamber is completely 
airtight and its total volume is 509 litres of air.  The cone calorimeter is placed inside this chamber. 
Its total possible heat flux output is 50 kWm-2. Principle of the experiment is following: the heat flux 
from the cone emitter falls on the surface of the sample. Due to high amount of thermal radiation the 
sample completely burns out. The products of combustion are caught in the smoke chamber. After 
creating the maximum concentration of combustion products, the analysis is performed. Results of 
the analysis of combustion products are shown in the Table 5. 

Tab. 5 - Results of analysis of combustion products 

Compound mg·gsample
-1 Percentage [%] 

CO 12,3 0,8706 

NO 0,2 0,0142 

CO2 1400 99,0898 

NO2 0,02 0,0014 

SO2 0,1 0,0071 

VOC* 0,24 0,0170 

* VOC (Volatile Organic Compounds). 

The carbon dioxide (CO2) was the most produced compound. Other compounds are 
represented in a small amount of the whole combustion products. The second most represented 
compound was carbon monoxide (CO). Other inorganics components in fumes are insignificant. In 
spite of elemental analysis, there were also detected products based on sulphur in the sample in 
smoke chamber. However, the amount of sulphur dioxide is minimal and it does not have to be 
included in the CFD code. Moreover, this difference, or error respectively, may be probably at the 
side of the elemental analysis due to used procedure and measurement errors.  
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Equation of burning 

Chemical equation can be divided into three parts. Firstly, it is the reactants (pine) itself. 
Chemical equation of the pine wood is CH1,7O0,83 [8]. Burning is the reaction of reactant with air. 
There is roughly 79,05 % of nitrogen (N2) and 20,95 % of oxygen (O2). Other components of air can 
be neglected. The last part of the equation is the product of combustion. Due to the ratio known from 
the Analysis of combustion products it was further worked with only two most represented 
compounds carbon dioxide and carbon monoxide (CO2, CO). During combustion there is also the 
leakage of water vapour. It is necessary to enter the stoichiometry of combustion products as well 
as quantification of chemical equation into FDS. The balance equation of combustion which is used 
in the FDS is following: 

1 (CH1,7O0,83) +  4,3198 (0,2095 O2  +  0,7905 N2) →   

1 (0,99 CO2  +  0,01 CO + 0,85 H2O +  3,4148N2)  (3) 

Heat of reaction, heat of combustion 

Together with the balance equation which defines the process of combustion, it is necessary 
to determine an amount of heat released during the exothermic reaction. This parameter is defined 
by the heat of combustion. The total amount of heat that needs to be added to the system in order 
to cause exothermic reaction has to be defined as well. This parameter directly influences the time 
of ignition in the model and it is called the heat of reaction. It is possible to calculate the heat of 
reaction from the following picture. 

 

 
Fig. 4 - Graphical difference between the heat of reaction and the heat of combustion (pine) 

From the ratio of areas below and above the curve of heat flow, the heat of reaction has been 
calculated. Boundary conditions were determined by interface between endothermic reaction and 
the exothermic one. The reaction is exothermic if the curve is rising. 
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FDS MODELLING AND COMPARISON OF RESULTS 

From all performed experiments, simplified burning of wood setup for FDS was prepared [9]. 
As mentioned before, both processes (pyrolysis and combustion) and other related entities had to 
be entered.  

Firstly, a material properties of sample were defined. The pine SURF line of the FDS code 
was due to moisture composed from pine and water in ratio 93:7. Water MATL line was copied from 
validated examples and it was used only to remove heat as it would be in the real situation. Pine 
MATL line is a little bit more complicated and used material properties such as density, specific heat 
or conductivity either from analyses or from literature.  

Then, on the same line, the pyrolysis was described forcing the pine to decompose in one 
reaction into one solid product, char, and one gaseous product, namely pyrolyzate. Char residue 
covers 15,3 % of the material corresponding results from analysis of combustion products. The 
reaction is started at reference temperature of 355 °C (main peak of DTA). Other values describing 
TGA-DTA experiment, reference rate (0,00267 s-1) and heating rate (5 K·min-1) were also entered. 
Last input in the pine MATL line was heat of reaction (1047 J·g-1), which was computed from the 
ratio between assumed heat of reaction and heat of combustion acquired from TGA-DTA (see Figure 
4) and from the value of effective heat of combustion. 

The gaseous pyrolyzate then undergoes the combustion reaction defined in the REAC line 
and the stoichiometric equation set from combustion analysis (described in the previous chapter) 
was used. The agents of reaction were PYROLYZATE, AIR and PRODUCTS only, and compositions 
of those agents were defined in particular SPEC lines as lumped components. In the AIR, only 
oxygen (0,2095) and nitrogen (0,7905) were defined. Volume fractions of PRODUCTS correspond 
the chemical combustion analysis results (see Table 5). 

For the purpose of numerical modelling a simplified model of cone calorimeter was created. 
Only parts that were necessary for measuring of HRR were modelled – the conical emitter and the 
tested item. For both parts a very fine mesh is used. Dimensions of one cell are 10 mm x 10 mm x 
10 mm. Coarser part of the model has dimensions of cells of 20 mm x 20 mm x 40 mm. In the coarser 
mesh there is a part of hood used for catching the combustion products. Total number of cells does 
not exceed 4 736. The model simulates thermal conditions in real cone calorimeter, heat flux of 35 
kW·m-2 hits the element of size 10 cm x 10 cm x 1 cm. All boundaries of the model space were 
defined as OPEN, except the exhausting hood in the upper part. The surface of the hood was 
modelled as a thin steel plate. 

The cone of the calorimeter was entered as a set of obstructions that create a pyramidal 
object. It was made of solid obstructions representing both the steel hood and the source of radiation. 
The radiation was entered as VENTs with TMP_FRONT = 1553 °C. This temperature is slightly 
higher than in the real cone calorimeter at TÚPO (around 1400 °C), because VENTs were put only 
on the bottom surface in the simplified model. The temperature was therefore raised to ensure the 
required heat flux on the sample surface. 

The calculation was performed twice, each with a different heat of combustion (see Table). 
The Model 1 uses the net heat of combustion (16,94 MJ·kg-1) and the Model 2 includes a value of 
the effective heat of combustion (11,41 MJ·kg-1). Both models are compared and validated to the 
experimental measurements.  

Values of the heat of combustion are very different. The heat of combustion together with the heat 
of reaction are the most important FTCH. Both values have significant effect on final HRR process 
of the material for their indication of the energy amount used in endothermic reaction and produced 
in exothermic reaction. 
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Fig. 5 - Comparison of results 

 

The graph shows the development of HRR in time. The black curve represents the real experiment. 
There are two peaks. Following Table 6 shows a comparison of real experiment data and data from 
the model.  

Tab. 6 - Comparison of the experimental results and results from the model 

  

Experiment 
35 kWm-2 

Model 1 Model 2 

Ignition 
[s] 90 170 180 

[°C] 440 408 402 

1. peak HRR 
[s] 28 22 24 

[kW·m-2] 114,59 195,44 120,00 

2. peak HRR 
[s] 518 Not observed 295 

[kW·m-2] 89,0 Not observed 93,7 

 

The Model 2, which uses effective heat of combustion, is closer to the real experimental data. In both 
cases the ignition comes at the third minute of the simulation. The difference between this and a real 
cone calorimeter experiment (90 seconds) is due to the fact of using a spark for easier ignition of the 
element. In the real experiment, the time of ignition was measured while in the model situation the 
time of auto ignition was observed. The final peak of HRR in the Model 2 corresponds quite 
accurately to the real experiment data. In contrast, the Model 1, which uses the net heat of 
combustion, shows higher values in comparison to the real cone calorimeter experiment. 
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The difference between these two curves is mainly due to the different ways of burning off 
the model and the real situation. The first peak, which was very accurately simulated, occurs during 
the thermal decomposition of the central part of the element. After burning out of the middle section 
flame moves to the outer parts where the pyrolysis was already held before. Burning off all the outer 
parts at once creates the second peak. 

There is a significant charred part in the middle of the sample. This already degraded part is 
surrounded by flames burning the outer parts of this sample. As explained above, this is the situation 
when model does not correspond to the real experiment. There is no gradual expansion of the flame 
on the element surface. The flame moves randomly on the model – at the first one corner burns and 
then the other. Fluctuations in HRR values are therefore caused by an incorrect flame spread on the 
surface of the sample.  

CONCLUSION 

The goal was to create very simple model of wood burning using results from cheap and fast 
small-scale experiments that could be used in the CFD modelling programmes such as FDS. 
Purpose of research is to obtain a virtual material that would spread fire, develop the fire according 
to surrounding environment and that could be extinguished without using complex reaction molecular 
description. Small-scale experiments that were conducted were: elemental analysis, 
thermogravimetric analysis and difference thermal analysis, and combustion analysis. 

In this paper, pine wood was used as the tested sample. The aim of the model was to 
compare HRR values to the real standard fire-technical experiment in the cone calorimeter. In the 
model the first peak of burning was achieved very accurately. Further development of HRR is 
different than HRR from the real experiment because of the difference in fire spread on the element’s 
surface. Though, maximum HRR values are similar to the real ones. 

It was verified that for the purpose of modelling the effective heat of combustion, which is one 
of the basic FTCH affecting the total intensity of burning, should be used. Using the net heat of 
combustion in the model leads to higher values of HRR in comparison to the real experiment data. 

There are several things that can be improved in this model. Primarily it is necessary to work 
on flame spread on the surface of the material. It is also possible to upgrade the description of 
reaction in the pyrolysis model using coefficient from Arrhenius equation. More wood components 
can also be defined. The sample element would not consist only of water (as moisture) and pine 
wood mass but also of lignin, cellulose, hemicellulose and water. For definition of the chemical 
reaction of burning for all these substances, it would be necessary to perform a number of other 
small-size experiments (thermogravimetric analysis) that should provide more information about 
their behaviour during heating. 

Considering all the results shown in this paper, it was shown that when adjusting the model 
as mentioned above, it can be possible to simulate burning of wood using the extrapolated data 
obtained in small-size experiments. 

An adjusting of the model can be a further option in continuing in this work thus appear. 
Another very important thing is also using the effective heat of combustion in fire engineering 
practice. This could be certainly used in determining the standoff distances from the buildings, 
especially from wooden structures and wooden facades. These types of buildings are significantly 
disadvantaged because of the use of the net heat of combustion. 
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ABSTRACT 

To solve the problem of insufficiency in microscopic performance of foamed asphalt binder, 
surface energy theory was utilized to analyze the foaming behavior and wettability of asphalt 
binder. Based on the surface energy theory, the Wilhelmy plate method and universal sorption 
device method were employed to measure the surface energy components of asphalt binders and 
aggregates, respectively. Combined with the traditional evaluation indictor for foamed asphalt, the 
relationship between the foaming property and surface energy of asphalt binder was analyzed. 
According to the surface energy components, the wettability of asphalt binder to aggregate was 
calculated to verify the performance of foamed asphalt mixture. Results indicate that the foaming 
behavior of asphalt will be influenced by surface energy, which will increase with the decline of 
surface energy. In addition, the surface energy of asphalt binder significantly influences the 
wettability of asphalt binder to aggregates. Meanwhile, there is an inversely proportional 
relationship between surface energy of asphalt binder and wettability. Therefore, it can be 
demonstrated that surface energy is a good indictor which can be used to evaluate the foaming 
behavior of the asphalt binder. And it is suggested to choose the asphalt binder with lower surface 
energy in the process of design of foamed asphalt mixture. 

KEYWORDS 
 Foamed asphalt mixture, Surface energy theory, Foaming behavior, Surface energy, 
Wettability 

INTRODUCTION 

As a stabilizer and regenerative, foamed asphalt has extremely wide applicability. In many 
countries, foamed asphalt technology has been used for road substrate materials (including 
recycled asphalt mixture). Foamed asphalt for cold recycling technology can not only solve the 
stacking problem of asphalt recycling material (RAP), which is conducive to protecting the 
environment and saving energy, but also has less impact on the environment in the construction 
process [1~2]. In the application process of foamed asphalt technology, the foaming property of the 
asphalt binder directly influences on the performance of the foamed asphalt mixture [3]. A good 
foaming performance can obviously improve the mechanics and road performance of cold recycled 
asphalt mixture [4~5]. Therefore, it is necessary to carry out in-depth research and analysis on the 
foaming performance of asphalt in the study of cold recycled asphalt pavement.  
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At present, the characteristics of foamed asphalt can be characterized by the expansion 
rate (ER) and half-life (HL), which can be mainly affected by many factors [6~7]. Meanwhile, many 
researches have been conducted for foaming property of asphalt at home and abroad. Brennen et 
al. studied the influence of water content and temperature on expansion rate and half-life [8]. 
Maccarone et al. used the additive agent to improve the foaming performance of foamed asphalt 
[9]. Yang et al. discussed the effect of viscosity on the performance of asphalt foaming in terms of 
main indicators of asphalt [10]. It can be seen that researches on the performance of asphalt 
foaming mainly focused on the external influencing factors, such as temperature, water content, 
additive, without the in-depth conducting of microscopic performance analysis. In addition, based 
on the macroscopic nature of asphalt binder, a few researches have shown that foaming 
performance mainly depends on the components of asphalt binder [11~13]. However, different 
categories of asphalt have different internal components, so that it is hard to accurately judge 
advantages and disadvantages of asphalt foaming in terms of the main technical indexes of 
asphalt [14~15]. Based on the foaming mechanism of asphalt, the foaming process is a kind of 
surface physical chemistry which can mainly divided into four consecutive stages including cooling, 
expansion, film-formation and metastability. These series of surface physical chemistry are the 
keys to promote the foaming of asphalt binder. Meanwhile, grasping the foam stability of asphalt is 
an effective way to improve the foaming property of asphalt and road performance of foamed 
asphalt mixture. In addition, how to use surface energy of the asphalt binder to evaluate the 
performance of foamed asphalt mixture is another key issue in this study. 

As the basis of surface physical chemistry theory, surface energy theory is widely used in 
many important fields, which can well explain the physical chemistry on surface or interface of 
materials [16~17]. Meanwhile, the property of surface expansion and contraction of materials can 
be accurately characterized through surface energy which is a subsistent contraction force on the 
surface of a material. Therefore, the purpose of this paper is to utilize the surface energy theory to 
analyze the relationship between the foaming performance and surface energy of asphalt binder, 
with reasonably forecasting the foaming performance of asphalt binder through conducting foaming 
test and Wilhelmy plate method. Finally, the wettability of asphalt binder to aggregate was used to 
verify the performance of foamed asphalt mixture based on the relationship between the foaming 
performance and surface energy of asphalt binder. 

FOAMING PERFORMANCE OF ASPHALT  

Materials 

In this study, 4 kinds of representative asphalt binders were used to manufacture foamed 
asphalt. According to standard test methods of bitumen and bituminous mixtures for highway 
engineering [18], the main indexes of asphalt were measured, as shown in Table 1. 

 
Tab. 1 - Results of indexes test 

Type KLMY-70 Guo Chuang 
AH-70 

SHELL-
70 

China Offshore 
AH-70 

Requirement 

Penetration (100g, 5s, 25°C) 
(0.1mm) 

69.6 66 66.7 70.5 60-80 

Ductility(5 cm/min, 5°C)(cm) 156 125 161 120 ≥100 

Softening Point (°C) 48.9 47.5 49.5 47.1 ≥46 
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Theoretical limit for the water content 

The influence of water on the foamed asphalt cold recycled pavement can be divided into 
two aspects: the effect on the foaming performance of asphalt; and the effect on the performance 
of foamed asphalt mixture. Firstly, the foaming process of asphalt is a series of physical reactions, 
including the following process:  

 Thermal exchange occurs on the surface of hot asphalt and cold moisture droplets, 
accompanied by evaporation of water vapor. 

 The steam bubbles are pressed into the continuous phase of the asphalt under a 
certain pressure to form asphalt foam. 

 During the rapid expansion of the foam, the surface tension of the asphalt film is 
resisted with the vapor pressure. As the foam expands, the vapor pressure decreases gradually 
until it forms a balance with the surface tension. But if the steam bubble expands beyond the 
tensile limit of the asphalt during this process, the foam will burst. 

 Due to the low thermal conductivity of asphalt and water, the asphalt foam can be 
maintained for several seconds, but the amount of bubbles formed during the foaming process is in 
a steady state and prone to burst. 

Researches have shown that the increase of water content will reduce the HL and improve 
the ER [19~20], as shown in Figure 1. The limit of water content is decided by the intersection or 
the adjacent points of two curves to obtain the best foaming property.  

Secondly, the limit of water content will significantly influence the performance of foamed 
asphalt mixture [21~22]. Excessive water content will affect the compaction effect and the strength 
of the mixture, so the appropriate amount of water must be determined during the mixing and 
compaction process to optimize the performance of the foamed asphalt mixture. As a medium, 
water provides a channel for the dispersion of foamed asphalt in aggregates. If the amount of 
water is too small, it will affect the uniform dispersion of the asphalt. If the water is too much, it will 
cause the debonding of asphalt from the surface of aggregates. Many researches have been 
conducted on the determination of the optimal water content for the foamed asphalt mixture [23]. 
Lee has studied the water content under different grades of foamed asphalt mixtures and found 
that there was an optimum water content for each mixture [24]. Meanwhile, the optimum water of 
mixture should be 65% to 85% of the corrected AASHTO optimum water content. Sakr has 
obtained the optimum water consumption formula (1) from the researches of different gradation 
asphalt mixture, with using the statistical methods [25]. 

 
8.92 1.48 0.4 0.39MMC OMC PF BC                                                                              (1) 

Where MMC = the optimum water content; OMC = the corrected AASHTO optimum water 
content; PF = the mass fraction of fine aggregate; BC = asphalt content. 

In addition, Wirtgen found the relationship between the optimum water content and the 
amount of water reduction, as shown in formula (2). For the purpose of optimum mixing, the water 
content can be calculated according to Equation (2). Subsequently, the quality of the water to be 
added is calculated according to Equation (3). 

add OMC moist reducew w w w  
                                                                                                 (2) 

 
 m

100

add

water aggregate cement

w
m m  

                                                                                        (3) 
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Where wadd= added water consumption in the aggregate; wOMC= the optimum water content; 
wmoist= water content in the aggregate; wreduce= reduction of water; mwater= mass of the water; 
maggregate= dry mass of the aggregate; mcement= quality of cement. 

At present, few researches are aimed to address the optimum water content in foamed 
asphalt and its mixture [23]. There are no relevant conclusions according to the range of water 
content. Therefore, this paper will determine the optimum water content in the foamed asphalt and 
its mixture through the follow-up performance test. 

 

 

Fig. 1 - Determination method of water content for the best foaming property 

 

Foaming test 

According to the physical facilities of asphalt foaming applied in the engineering, the small 
equipment was employed in this study, called Wirtgen WLB 10S made in Germany, shown in 

Figure 2. During the process of foaming, the foaming temperature was 165℃ and the water 

consumption was 2.5%. Meanwhile, the environment conditions such as temperature, relative 

humidity, water pressure, air pressure were controlled for 20 ℃, 83%, 0.4 MPa and 0.55 MPa, 

respectively. The results of asphalt foaming tests were shown in Table 2. 

 

                                            
(a) Asphalt foaming device                                                             (b) Foamed asphalt 

Fig. 2 - Foaming test 
 

Tab. 2 - Results of asphalt foaming tests 

Type 

KLMY-70 Guo Chuang AH-70 SHELL-70 China Offshore AH-70 

Expansion 
rate (%) 

Half-life 
(s) 

Expansion 
rate (%) 

Half-life 
(s) 

Expansion 
rate (%) 

Half-life 
(s) 

Expansion 
rate (%) 

Half-life 
(s) 

11.7 11.8 12.0 10.9 8.2 10.5 10.9 12.7 
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Generally, the ER and HL are used to evaluate the performance of foamed asphalt. On the 
one hand, the greater ER is in favor of sufficient contact and coating between foamed asphalt and 
aggregates. On the other hand, the longer HL can promote the mixing effect between foamed 
asphalt and aggregates. Generally speaking, the great expansion and long half-life can ensure 
good foaming property of asphalt [26~27]. Therefore, as seen in Table 2, under the same test 
conditions, the sequence of foaming performance for various types of asphalt was China Offshore 
AH-70> KLMY-70> Guo Chuang AH-70> SHELL-70. 

SURFACE ENERGY THEORY 

In a vacuum, there is a kind of force occurred on the material surface, which is used to 
balance the internal and external force, called surface energy and denoted by the Greek letter γ 
[28]. The surface energy of any material is mainly composed of two parts which respectively are 
the non-polar van der Waals component (LW) and polar acid-base component (AB), and can be 
represented by the formula (4): 

2
LW AB LW      

                                                                                                   (4) 

Where  LW = Lifshitz-van der Waals component; AB = acid-base component;   = Lewis 

acid component;   = Lewis base component. 

Simply put, the foaming of asphalt binder is mainly due to the steam bubble pressed into 
the continuous phase of asphalt under the certain condition, causing the asphalt foam. At the same 
time, the expansion of compressed vapor will lead to form a kind of asphalt film which takes 
advantage of its own surface energy to coat the bubble. In the process of expansion, the surface 
energy of asphalt film will resist to steam pressure until a state of balance, namely metastable 
state. 

Researchers considered that the reason caused the collapse of asphalt foam in the process 
of expansion is a pressure difference [29]. A bubble has a nearly stable gas cell like a cellular 
structure, both sides of which are foam film. When three or more bubbles gather each other, the 
Plateau boundary is formed due to the curved asphalt film and concaving toward the gas cell. At 
the Plateau junction consisted of multiple bubbles, the greater curvature radius will create the 
pressure difference between the gas phase and the liquid phase, as shown in the Laplace 
equation: 

2
p

r


 

                                                                                                                              (5) 
Where r = curvature radius. 

The pressure difference between the gas phase and the liquid phase will decrease with the 
increase of curvature radius of bubbles, therefore the hydraulic pressure in the Plateau junction is 
less than the place which has a small curvature. Subsequently, the liquid will flow from the place 
with a small curvature to the Plateau boundary with a great curvature. In addition, the pressure 
difference will increase with the increase of surface energy. Similarly, the increase of surface 
energy will promote the flow of asphalt film towards the Plateau boundary. If the asphalt film 
becomes thinner and reaches a certain extent, usually is from 5 to 10nm for thickness, the foam of 
asphalt binder will fracture, as shown  in Figure 3. 
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Fig. 3 - Micro structure of foamed asphalt binder 

Generally, the increase of surface energy will force the fracture of asphalt foam, which is 
the disadvantage of property of foamed asphalt [16]. Therefore, it should be tried to choose the 
asphalt with lower surface energy during the preparation of foamed asphalt binder. 

In addition, the better wetting property of asphalt to aggregate is more beneficial to promote 
the pavement performance of foamed asphalt mixture [30]. The formation of the wetting is a 
complex physical and chemical process. According to the surface energy theory, wettability refers 
to the ability of a material spreading on the surface of another material. For asphalt mixtures, a 
good wetting property of asphalt is favorable to wrap the aggregate and wet up the surface micro 
texture of aggregates, with improving the performance of asphalt mixtures. The appearence of the 
wetting mainly depends on the value of adhesion energy between foamed asphalt and aggregates 
and cohesion energy of foamed asphalt, respectively termed as WAB and WBB. Meanwhile, the 
wetting property of asphalt to aggregate can be expressed by formula (6) [31]: 

S AB BBR W W 
                                                                                                                     (6) 

Where 
SR = wettability; 

ABW = adhesion work between foamed asphalt and aggregates; 
BBW

= cohesion work of foamed asphalt.  

The adhesion work is defined that when two materials are in touch with each other to form a 
new interface, the surface free energy of these materials will cause them to physically adhere to 
each other. Meanwhile, the work required to separate these two materials is defined as the 
adhesion work. Similarly, the cohesion energy occurs inside of the material. As a matter of fact, the 
adhesion energy and cohesion energy both are the results of molecular interaction, which can be 
described well by the surface energy theory. Finally, the adhesion work and cohesion work are 
explained by the formula (7) and (8), respectively [32]. 

2 2 2
LW LW

AB A B A B A BW         
  

                                                                                   (7) 

2 4
LW

BB B B BW    
 

                                                                                                           (8) 

Where LW

A , A
 , and A

 = surface energy components of aggregate; LW

B , B
  , and B

 = 

surface energy components of asphalt binder. 

Generally speaking, when the cohesion work of asphalt is significantly greater than the 
adhesion between foamed asphalt and aggregates, the intermolecular forces in asphalt binder will 
be stronger than the acting force between asphalt and aggregate, leading to the reduction of the 
wetting property of asphalt to aggregate. However, when the cohesion work is significantly lower 
than the adhesion, good wetting effect will occur [33]. Subsequently, the performance of asphalt 
mixture will be improved obviously. 
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RELATIONSHIP BETWEEN THE FOAMING PERFORMANCE AND SURFACE 
ENERGY 

Wilhelmy plate method 

Based on Wilhelmy plate method, the automatic surface tensiometer was utilized to 
measure the surface energy components of asphalt binders, shown as in Figure 4. Based on 
kinetic force equilibrium, the Wilhelmy plate method can be described that when a glass slip 
uniformly coated with asphalt is immersed in a probe liquid solvent at a slow and constant speed of 
20μm/s, the stable and dynamic contact angle between the asphalt and the probe liquid is 
measured. Figure 5 shows the loading process of the glass slip. The following Equation (9) is used 
to calculate the contact angle from all the parameters that are determined during testing. 

 
cos

im L air

t L

F V g

P

 




  


                                                                                                    (9) 
Where F = buoyancy difference between mass of a plate measured in air and partially 

immersed in a probe liquid; 
imV =the volume immersed in the liquid; 

tP =the perimeter of the 

bitumen coated plate surface; 
L =the density of the probe liquid; 

air  =the air density; g =the 

local gravitational force; 
L = the surface energy of the probe liquid. 

 

 
Fig. 4 - Automatic surface tensiometer 

 

Under the environment of 20 °C, place the glass slides coated with asphalt binder into the 
operating chamber and conduct the test, as shown in Figure 5. On the basis of the Young-Dupre 
and Good-van Oss-Chaudhury equation, the surface energy components of asphalt were obtained 
by using the following equation [34]: 

 1 cos 2 2 2
LW LW

l s l s l s l          
   

                                                                      (10) 

Where LW

s 、 s
 、 s

 =three unknown components of surface energy; LW

l 、 LW

l 、 l


=surface energy components of probe liquid; 
l =total surface energy of probe liquid;  =the 

contact angle between the glass slip and the probe liquid. 
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(a) Asphalt sample (b) Size measurement 
 

(c) Measurement of contact 
angle 

Fig. 5 - Wilhelmy plate method 

Analysis of surface energy 

To improve the test accuracy, four solvent liquids whose surface energies were known must 
be used to produce three simultaneous equations. Water, formamide, glycerin and ethanediol were 
used as probe liquid solvents, due to their relatively large surface energy, immiscibility with asphalt 
binder and differing surface energy components. The surface energy components of the four 
solvent liquids were listed in Table 3. According to the contact angles between the asphalt and the 
probe solvents, the surface energy components of the asphalt binders were calculated with 
Formula (7), shown as in Table 4. Figure 6 graphically illustrates the proportion of non-polar and 
polar component of surface energy. 

Tab. 3 - Surface energies of solvents 

 
Probe solvents 

Surface energy components, (ergs/cm2) 

γTotal γLW γ+ γ– γAB 

Distilled Water 72.8 21.8 25.5 25.5 51.0 

Glycerin 64.0 34.0 3.92 57.4 30.0 

Formamide 58.0 39.0 2.28 39.6 19.0 

Ethanediol 48.0 29.0 1.92 47.0 19.0 

 
Tab 4. Surface energy components of asphalt binders 

Type Surface energy components, (ergs/cm2)  

γLW γ+ γ– γAB γTotal WBB 

KLMY-70 6.53 3.27 1.17 3.91 10.44 20.88 

Guo Chuang AH-70 7.64 3.15 1.91 4.91 12.55 25.10 

SHELL-70 12.17 2.19 0.79 2.63 14.80 29.60 

China Offshore AH-
70 

6.71 4.50 0.64 3.39 10.10 
20.20 
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Fig. 6 - Surface energies of asphalt binders 

Data in Figure 6 indicates that the order of the total surface energy of different asphalt 
binders is SHELL-70> Guo Chuang AH-70> KLMY-70> China Offshore AH-70. The non-polar LW 
component of the total surface energy accounts for the largest proportion. Hence, the four 
materials present non-polar interaction on their surface. Moreover, according to the value of the 
polar acid and base composition, the surface of four kinds of asphalt mainly presents a polar base 
interaction, with showing acidic property in nature.  

According to the influence of surface energy on foaming property of asphalt, it can be 
decided that the use of China Offshore AH-70 will improve the asphalt foaming and the mixing with 
aggregates, due to its lowest surface energy. Combined with the results of foaming test of asphalt, 
shown as in Table 2, the evaluation results for asphalt foaming property used surface energy 
theory have a good coincidence with  the using of conventional method. It is reasonable to 
consider that the surface energy as a key index can be used to effectively evaluate the foaming 
property of the asphalt binder. 

 

WETTABILITY OF FOAMED ASPHALT TO AGGREGATE 

Measurement of surface energy components of aggregates 

In this study, the surface energies of two kinds of aggregates were measured with the 
universal sorption device (USD) method by using the magnetic suspension weight analysis system, 
as shown in Figure 7. Similar to the calculation of surface energy components of the asphalt 
binder, the USD method utilized the gas adsorption characteristics of selected solvent, whose 
surface energy components were known, to indirectly measure the surface energy components of 

aggregates at 20℃  [35~36]. Table 5 shows the surface energy components of aggregates 

obtained in this study.  
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    (a) Physical diagram                                               (b) Schematic diagram 
 

Fig. 7 - Magnetic suspension weight analysis system 
 

Tab. 5 - Surface energy components of aggregates 

Type Surface energy components, (ergs/cm2) 

γLW γ+ γ– γAB γTotal 

Basalt 82.42 1.09 392.93 41.43 123.85 

Granite 100.36 7.75 169.42 72.47 172.83 

 

Analysis of wettability  

Table 6 illustrates the adhesion work between asphalt binders and the selected aggregates. 
Subsequently, the wettability of asphalt binders to aggregates was calculated by using formula (3), 
shown as in Table 7. Figure 8 and 9 show the adhesion work between asphalt binders and 
aggregates and wettability of aggregates by asphalt binders, respectively. 

 

Tab. 6 - Adhesion work between asphalt binders and the selected aggregates 

Type Adhesion work, (ergs/cm2) 

KLMY-70 Guo Chuang AH-70 SHELL-70 China Offshore AH-70 

Basalt 120.38 123.44 118.43 132.80 

Granite 104.30 109.28 107.37 111.58 

 
Tab. 7 - Wettability Rs of asphalt to aggregates 

Type Wettability, (ergs/cm2) 

KLMY-70 Guo Chuang AH-70 SHELL-70 China Offshore AH-70 

Basalt 99.50 98.34 88.83 112.6 

Granite 83.42 84.18 77.77 91.39 
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Fig. 8 - Adhesion work between asphalt binders and aggregates 

 

 
Fig. 9 - Wettability of aggregates by asphalt binders 

As a very important factor in foamed asphalt mixture, the more positive the adhesive work, 
the better the bonding between asphalt binder and aggregate. It can be seen from the data in 
Figure 4 that compared with other asphalt binders, the asphalt binder of China Offshore AH-70 has 
greatest adhesion work with basalt. And compared with granite, the adhesion work between 
asphalt binders and basalt is greater. As noted above, good wettability is in favor of improving the 
pavement performance of foamed asphalt mixture. It can be observed from Figure 5 that the 
wettability of basalt by China Offshore AH-70 is greatest, which is the same as the results of 
adhesion work. The foamed asphalt mixture prepared by China Offshore AH-70 and basalt has the 
best performance in these combinations of mixtures. 

Combined with the surface energies of asphalt binders, it is concluded that the lower the 
surface energy of asphalt binder, the better the foaming property of asphalt binder. During the 
process of calculation including adhesion work between asphalt binders and aggregates and 
cohesion work of asphalt binders, the lower surface energy facilitates the lower cohesion work of 
asphalt binder, which can improve the wettability of asphalt binder to aggregate. Therefore, for the 
foamed asphalt mixture, the surface energy of the asphalt binder not only can influence on the 
foaming property, but also has an impact on the wettability of asphalt binder to aggregate. In order 
to improve the foaming property of the asphalt binder and the pavement performance of foamed 
asphalt mixture, it should be suggested to choose the asphalt binder with the lower surface energy 
in the design process of foamed asphalt mixture. 
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CONCLUSIONS 

This research focused on using a method to analyze the relationship between foaming 
behavior and surface energy of asphalt binder from a key point of view based on the influence of 
surface energy of asphalt binder on the foaming property and wettability of asphalt to aggregates. 
Based on the surface energy theory, the surface energy components of asphalt binders and 
aggregates were measured by utilized Wihelmy plate method and universal sorption device 
method, respectively. Subsequently, the surface energies of asphalt binders and wettability of 
asphalt binders to aggregates were calculated to evaluate and verify the property of foamed 
asphalt mixture, repectively. 

The following conclusions can be drawn from the present research: 

 Through mechanism analysis of foaming of the asphalt binder, it can be found that 
the surface energy will significantly influence the foaming property of asphalt. The lower the 
surface energy of selected asphalt binder, the greater the foaming property. 

 Combining the expansion rate (ER) with the half-life (HL), it can be seen from the 
macroscopic perspective that the asphalt binder of China Offshore AH-70 has a greatest foaming 
property among four kinds of asphalt under the same experimental conditions. 

 The calculation results of surface energies of asphalt binders demonstrate that the 
surface energy used to evaluate the foaming property has a good consistency with the indicators of 
expansion rate and half-life.  

 Based on surface energy theory, surface energy as a good index can be used to 
effectively evaluate the foaming property of asphalt. Results of the traditional asphalt foaming test 
validated the results of the surface energy method. 

 The surface energy of the asphalt binder significantly influences the wettability of 
asphalt binder to aggregate. Under a certain condition, there is an inversely proportional 
relationship between surface energy of the asphalt binder and wettability. 

 To optimize the foaming behavior of asphalt binder and the pavement performance 
of foamed asphalt mixture, it is suggested to choose the asphalt binder with lower surface energy 
in the design process of foamed asphalt mixture. 

This paper has a few limitations. The research is mainly based on surface energy theory to 
analyze the influence of surface energy on foaming behavior of asphalt and wettability of asphalt 
binder to aggregate. The performance test of mixture has not been conducted. In the future study, 
it is necessary to research the influence of surface energy of asphalt as well as the effects of water 
susceptibility and thereby the adhesion on the foamed asphalt mixture. In addition, a kind of 
approach based on the influence of surface energy method was developed to evaluate the asphalt 
foaming property and pavement performance of foamed asphalt mixture, which can provide the 
theoretical basis for the development of performance of foamed asphalt mixture. 
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ABSTRACT 

Ultrasonic wave testing is a classic Non-destructive testing (NDT) method to detect, locate 
and monitor the crack/fracture in construction materials. However, it is still hard to examine those 
small abnormal bodies since effective reflected signal from abnormity is usually rather weak. In this 
paper, a new ultrasound imaging technique, equivalent offset migration (EOM), is studied to 
demonstrate the feasibility and applicability for detecting concrete cracks. Thus, a complex 
numerical model along with six small scale flaws was built, and then the ultrasonic wave 
propagation in concrete was modeled by high order finite difference approximation method. 
Numerical simulation indicates that 1) there exists a strong scattering phenomenon while 
ultrasound propagates in concrete with multiple small scatter flaws, and 2) EOM is capable of 
imaging small flaws in concrete with high resolution and accuracy. 

KEYWORDS 
 Equivalent offset migration (EOM), Common scatter point (CSP) gather, Non-destructive 
testing (NDT), Ultrasonic wave; Concrete 

INTRODUCTION 
Concrete is a composite material consisting of a binding medium with two types of particles, 

normally gravel and sand. Defects, such as void, crack and delamination in concrete, affect 
construction structures severely. Therefore, NDT technique is necessary in structural health 
monitoring (SHM). Currently, three important methods (sonic, ultrasonic and impact echo test), are 
widely used in NDT of concrete structures [1-3].  The main reason for using ultrasonic wave to 
assess strength of concrete is that a direct link between Young’s modulus and wave velocity in an 
elastic media is theoretically supported. Besides, empirical relations have been long recognized 
between strength and modulus. 

Bogas et al. (2013) evaluated the compressive strength of a wide range of structural 
lightweight aggregate concrete mixtures by ultrasonic pulse velocity (UPV) method [4]. Dilek (2007) 
discussed the application of UPV in field detection of damage to concrete in service and field 
quality assessment of cast-in-place concrete and masonry under construction [5]. Mohammed et 
al. (2011) applied both UPV and rebound hammer tests to evaluate the rubbercrete [6]. Acciani et 
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al. (2010) studied the ultrasonic wave propagation in concrete structures with defects based on 
finite element simulations [7]. 

As regards ultrasound data processing, frequency compounding method has been applied 
to the ultrasonic signals in concrete [8]. Bilgehan (2011) compared artificial neural network and 
adaptive neuro-fuzzy inference system used in concrete compressive strength estimation [9]. Bui 
and Kodjo (2013) presented that Ultrasonic travel time shift is more sensitive when used in an 
indirect configuration of transmission instead of in a semi-direct configuration in evaluation of 
concrete distributed cracks [10]. 

Bancroft and Geiger (2011) introduced an alternative technique initially known as common 
scatter point (CSP) migration and now is named equivalent offset migration (EOM) [11-15]. This 
method was also applied in other relative fields due to its advantage in imaging scattered waves 
[16, 17]. In this paper, we use numerical simulation method to determine the feasibility and 
effectiveness of the application of EOM in improving the accuracy and resolution of detection for 
flaws within concrete structure by ultrasonic wave.  

SCATTERING CHARACTERISTIC OF ULTRASONIC WAVE PROPAGATION IN 
CONCRETE 

Since concrete is a strongly heterogeneous solid including aggregates, cracks and porosity, 
Ultrasonic wave propagation in this material consists of a complex mixture of multiple scattering,  
which results in a diffusive energy transport [18]. 

In terms of Huygens-Fresnel principle, every point to a luminous disturbance reaches 
becomes a source of a spherical wave. The sum of these secondary waves determines the form of 
the wave at any subsequent time. Therefore, the recorded data is the sum of the disturbance. As 
shown in Figure 1, when the scale of flaws in concrete structure is small, the incident ultrasonic 
wave would be strongly diffracted and generate scattering waves. Only if the interface of the flaw is 
smooth and long enough, defection waves with strong energy could be generated. 

 
Fig. 1 - Schematic of scattered waves and reflection waves in heterogeneous concrete 

In the case of the scale of the flaws being small and the concrete being highly 
inhomogeneous, impact echo testing method does not work. We placed transducers and sensors 
on the same surface which is similar to the surface geophysical exploration, and tried to apply a 
relatively new signal processing method in the detection of concrete structure with ultrasonic wave. 
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PRINCIPLE OF SCATTERED WAVE IMAGING 

Double square-root (DSR) equation 

Scattered wave imaging method is based on the concept of equivalent offset and CSP 
gather [11, 14]. We assumed that the concrete material is composed by a large number of single 
scatter points. Figure 2 shows the schematic of traveling path and time of scattered waves for a 
single scatter point. Initially, the ultrasonic waves travel from the source (transducer) to the scatter 
point within the concrete and then propagate backward to the receiver (sensor). Then, the receiver 
can record the information of the scatter point. As shown in Figure 2, MP is the middle point 
between the source (S) and receiver (R), and SP is the projection point of the scatter point to the 
observation surface. The total travel time of source-scatter point-receiver is 

                                   s rt t t                                                                    (1) 

Where s
t  is the travel time from the source to the scatter point and r

t  is the travel time from 

the scatter point to the receiver, assuming the velocity of the acoustic wave is constant. In terms of 

the geometry in Figure 2, Equation 1 can be expanded as the following double square-root (DSR) 

equation: 
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                                    (2) 

In Equation (2), 0
z  is the depth of the scatter point from the observation surface. x  is the 

distance between MP and SP, and h  is the half distance between the source (S) and receiver (R). 

However, the velocity of heterogeneous material is not constant. Hence, we use root-mean-square 

(RMS) velocity to replace the constant velocity in Equation (2) which can also be rewritten as: 
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Where 0t  is the vertical two-way travel time between SP and the scatter point, and rms
v  is 

the RMS velocity at the position of scatter point.     

 
Fig. 2 - Schematic of traveling path and time of scattered waves for a single scatter point 
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In Figure 2, SP is the projection of scatter points to the observation surface. R is the 

receiver. S is the source. MP is the middle point between the source and the receiver point. 0t  is 

the vertical two-way travel time between point SP and scatter point.  s
t  is the travel time source 

and scatter point.  r
t  is the travel time between receiver and scatter point. 

Equivalent offset 

As shown in Figure 3, if the two-way travel time between the point E and the scatter point 

equals the travel time of source (S)-scatter point-receiver (R), namely s r2 et t t t  ＋ , we call the 

distance   between point E and CSP equivalent offset. Therefore, we have the following equation: 
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2 2 2
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2
2 2

2

e
e
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t h
t t
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                                                (4) 

 
Fig. 3 - Schematic of equivalent offset 

In Figure 3, CSP is the projection of scatter points to the observation surface.  e
h  the is 

equivalent offset, R is the receiver. S is the source. E is the combined equivalent source and 

receiver point. CMP is the middle point between source and receiver point.  e
t  is the travel time 

between point E and scatter point. s
t  the is travel time source and scatter point. r

t the is travel time 

between the receiver and the scatter point. 

Put Equation 3 into Equation 4, and then a new equation is derived as follows: 
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Equation 5 can be further simplified in Equation 6 

                           

2

2 2 2 2
e

rms

xh
h x h

tv

 
    

 
                                                  (6) 

Therefore, we notice that under the conception of equivalent offset, the DSR Equation 2 
can be transformed to single square-root Equation 6. Based on Equation 4 and 6, the common 
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shot gathers can be projected into the domain of common scatter point (CSP) gathers.  

Fowler (1997) validated that there are several different types of hyperbolas which can be 
simplified from DSR Equation 2 [19]. The method based on equivalent offset is a unique way to 
project all data into the CSP gathers without time shift. The CSP gather, based on equivalent 
offset, is actually a kind of equivalent zero-offset section. Thus, the CSP gather corresponding to 
the point CSP on observation surface contains all information about the scatter points under the 
same point SP shown in Figure 3.  

Equivalent offset migration (EOM) 

As discussed above, in terms of Equation 4 and 6, we can project each sample in common 
shot gathers into CSP gathers. The CSP gathers are equivalent zero-offset sections. Therefore, as 
shown in Figure 4, we can integrate along the hyperbolic scattered wave events to implement the 
scattered wave migration based on Kirchhoff diffraction theory.  

 
Fig.4 - Schematic of Kirchhoff integration in CSP gather 

 

Two-dimensional Kirchhoff integration equation can be written as: 
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Where ( , ; )P x y t  is the acoustic wave pressure field which propagates at the velocity of 

( , )v x y ,     is the incident angle of wave, and l  is the observation line, time relay 
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In Equation (7), the first term in the right integration is related to the gradient of pressure 
respect to z-direction. The second term in the right integration is called near-source term due to its 

attenuation by 
2

1 r . Therefore, these two terms are usually neglected in real migration due to their 

negligible contribution. The third term in the right integration is the basis of Kirchhoff integration 
migration whose discrete form is: 
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Where x  is the space between two adjacent channels in CSP gathers. 

0( , ; 2 )out outP P x z z v   is the migration output wavefield based on the input wavefield 

( , 0; )in inP P x z t r v    . Thus, we can find that this method is essentially Kirchhoff integration 

scatter imaging, which is called equivalent offset migration (EOM) [14]. 

NUMERICAL SIMULATION 

To validate the effectiveness of the scattered wave imaging method, here we designed a 
numerical concrete model with six flaws that forms a pentagon shape shown in Figure 5. The size 
of this concrete model is 300 mm × 450 mm with velocity 4000 m/s. And we set the size of each 
flaw quite small, and all of them are 6 mm × 6 mm with velocity of 2000 m/s. The reason of this 
design is to determine the capability of scattered wave imaging for small scale scatter point.  

In this simulation, 19 sensors are used with equal space 25 mm on the top surface of the 
model, and 3 sources are located in the position x = 0 mm, 200 mm and 450 mm. High order finite 
difference approximation is used to investigate the ultrasonic wave propagation in this kind of 
heterogeneous concrete. We set the cell size 2 mm and use 150 kHz Ricker wavelet as source 
function. 

 
Fig. 5 - Numerical concrete model with small scale flaws 

Figure 6 presents four snapshots recorded in the second shot. From these snapshots, we 
can notice that severe scattering waves are generated when the ultrasound hit these scatter points 
(flaws in small size). Each scatter point can generate new spherical wave as a new point source. 
All these new spherical waves later interference each other. Due to the strong scattering, the 
characteristic of wave field becomes quite complex. It is hard for conventional migration methods 
to image these small scatter points.  
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Fig.6 - Snapshot of second shot (x = 200 mm) 

 
(a) Original records                                 (b) Direct wave muted records 

Fig.7 - Wave records  

We can also find the same characteristic in wave records in Figure 7 (a) which is the 
original wave records. Due to the strong energy in direct waves (these waves propagate from 
source to receiver directly along the observation surface), the coda waves containing the 
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information of the inside structure of the concrete model present very low amplitude. It is not good 
to image the testing objects due to the interference of direct waves. Therefore, these direct waves 
should be muted before using scattered wave imaging. Figure 7 (b) is the wave record without 
direct waves.  

Figure 8 is the imaging results by different migration methods. Figure 8 (a) is imaged by 
equivalent offset migration (EOM) and Figure 8 (b) by reverse time migration (RTM). RTM, a 
migration method based on wave equation, can get the best imaging result if the velocity of model 
is known. In other words, RTM is highly affected by the level of velocity analysis technique. 
However, in order to get the most accurate result and compare it with the imaging result by EOM, 
the imaging result in Figure 8 (b) is made by RTM with the velocity of model we created. Compared 
to Figure 8(b), the imaging result in Figure 8 (a) has apparent diffraction interference that is classic 
migration noise resulting from Kirchhoff integration migration. Additionally, the flaws, No. 5 and No. 
6, are not as clear as other four flaws, especially flaw No. 1. The reason of this phenomenon is that 
the energy of the backward scattered waves from bottom flows is not as strong as the energy of 
the waves from top flows. In practice, we should improve the amplitude of the signal from the 
bottom structure by some energy compensation process, such as exponent gain and spherical 
compensation.  

In addition, from the Equation (4), (6) and (8), velocity model is necessary for implementing 
EOM. As regards concrete detection by ultrasound, usually we can consider the velocity of 
ultrasound waves as a constant value. For this numerical case, the velocity we get is 3950 m/s 
which is a little less than the velocity of direct wave 4000 m/s. So we can see that EOM is not like 
RTM in the requirement of accuracy for analysis. That means EOM is quite applicable for real 
testing due to the difficulties in velocity analysis for real detection.       

 
(a)                                                        (b) 

Fig. 8 - Imaging results of numerical model by EOM (a) and RTM (b) 

RESULTS AND DISCUSSIONS 

The above numerical simulation indicates that EOM is good at utilizing scattered waves to 
image very small scale structures. The main reason is that EOM is a pre-stack migration method 
based on the scattering wave theory. In terms of Equation (4) and (6), CSP gathers can be 
projected from original shot gathers under the conception of equivalent offset with the Huygens 
principle. CSP gathers is actually a type of equivalent zero-offset section, and we can easily apply 
Kirchhoff integration to image these scatter points (the whole testing object volume can be thought 
as the mixture composited by a large number of single scatter points). Due to the basic theory of 
EOM, it is suitable to apply EOM to detect the heterogeneous materials, such as concrete with 
different kinds of flaws and aggregates. It is also possible that EOM can be extended into other 
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fields of detection, such as metal plate damage evaluation. 

CONCLUSIONS 

This paper investigated the effectiveness of EOM applied in detecting concrete structures 
by ultrasonic waves. In terms of the conception of equivalent offset and Kirchhoff integration 
migration, we built a numerical concrete model, with six small scale flaws, to determine the 
applicability and feasibility of EOM for concrete structure detection by ultrasonic waves. The 
simulation result shows EOM is a great imaging method for detecting small scale concrete defects. 
However, some physical modelling tests should be carried out to evaluate it deeply in the future. 
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ABSTRACT 

Until the last decade, the 1993 American Association of State Highway and Transportation 
Officials (AASHTO) design guide has been traditionally used for the design of flexible and rigid 
pavements in the USA and some parts of the world. However, because of its inability to meet the 
new traffic and material challenges, a Mechanistic Empirical Pavement Design Guide (MEPDG) was 
introduced based on an NCHRP 1-37 A study conducted in 2004. This study used the MEPDG 
software and associated models to determine, through comparative truck damage analysis, the 
effects of nine different truck configurations on a 12 inch-jointed plain concrete pavement (JPCP). 
The study recorded truck damages at the end of each analysis period (40 years) and comparatively 
analyzed the relative pavement damage in terms of fatigue cracking, faulting, and surface 
roughness. The results indicated that the most critical damage to the concrete pavement was caused 
by truck cases with high and uneven load distribution and relatively smaller size axles group (e.g. 
tandem). Other key findings included the following; (1) increase in damage when the truckloads were 
shifted between the same size axles, (2) decrease in truck damage when the truckloads were shifted 
from tandem axle to quad axles, and (3) no change in truck damage when the axle spacing was 
increased between wheels of a quad axle. 

KEYWORDS 

 Jointed Plain Concrete Pavement (JPCP), Mechanistic Empirical (ME), Axle loading, Fatigue 
Cracking, Faulting, Surface roughness, Trucks configurations 

INTRODUCTION 

Jointed plain concrete pavement is one of the common types of concrete pavements used in 
the USA. Concrete pavements, which are also known as rigid pavements, typically consist of a 
Portland cement concrete (PCC) surface layer supported by a sub-base or subgrade. The concrete 
pavements are categorized based on the type of joints constructed and use of steel reinforcement 
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[1]. Each of these pavement types has specific failure mechanisms, and each failure mechanism is 
caused by specific factors. Examples of such failure mechanisms include fatigue damage, faulting, 
and surface roughness of the concrete pavement. These failure mechanisms are usually caused by 
the following factors: heavy vehicle loading, climate, poor drainage, materials properties, and 
inadequate layer thicknesses [2]. Out of these factors, the impacts of heavy loaded vehicles 
constitute some of the major sources for concrete pavement damage [1].  

The magnitude and configuration of vehicular loads together with the environment have a 
significant effect on the induced tensile stresses within the concrete pavement [3]. The impacts of 
heavy loaded vehicles subject the pavement to high stresses causing damage. However, not all 
trucks have the same damaging effects; their damage depends on vehicle speed, wheel loads, 
number and location of axles, load distribution, type of suspension, number of wheels, tire types, tire 
inflation pressure, etc. [1]. 

The proper estimation of truck damage is important for truck permit regulators since the fees 
and penalties applied to truck operators for using the roads are related to the distresses induced to 
the road network. Regulators must permit trucks and allocate costs to vehicle operators in 
accordance with the truck damage induced on the pavement. The proper evaluation of truck damage 
also helps the highway engineers to optimize pavement design and maintenance activities [4]. 

In the recent years, several studies have estimated the truck damage by computing the 
responses (stresses, strains, and deflections) of pavements under heavy vehicle loading using 
mechanistic approaches [5-11]. In this study, the Mechanistic Empirical Pavement Design Guide 
(MEPDG) was utilized to directly assess the cumulative damage to a concrete pavement. Among its 
many advantages, MEPDG can be used to analyze the pavement damage over a selected period 
(or design life) – an aspect that is very conducive for concrete pavement design and analysis [12].  

OBJECTIVES 

Given the above background, the primary objectives of this study are :(a) to use the MEPDG 
and its associated models to determine the failure magnitude of a Jointed Plain Concrete Pavement 
(JPCP) structure due to truck loading of various configurations and, (b) to compare the truck damage 
of each configuration based on the magnitude of the resulting damages. Specifically, the study aimed 
at evaluating the truck damage when: 

 Truck axles (i.e., tandems, quads, etc.) are loaded unequally,  

 Number of axles in a group of axles are increased or decreased (change of axle type), 

 Axle spacing varies, and 

 Individual axles of the same group (i.e., axles in a tandem group) share the load unequally. 

METHODS 

Concrete Pavements 

Concrete pavements insignificantly deflect under loading because of the high stiffness that 
the PCC possess while constructing it to serve as a surface layer. The pavement structural layers 
are typically composed of a stiff PCC surface layer on top of a base or sub base layer (when used) 
as exemplified in Figure 1.  
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Fig. 1 - Typical Concrete Pavement Sections [13]. 

Depending on the type of construction, concrete pavements are classified asJPCP, jointed 
reinforced concrete pavement (JRCP), or continuously reinforced concrete pavement (CRCP). 
These are briefly discussed as follows: 

Jointed Plain Concrete Pavement (JPCP): JPCP is the most widely used type of concrete 
pavement [15]. Its construction costs are lower than those of the other two types of concrete 
pavements. Instead of using costly steel reinforcements or meshes, the JPCP is designed with short 
joint spacing to control the development of transverse cracks (Figure 2). The joints relieve stresses 
in the concrete pavement and control the development of transverse shrinkage cracks. In most 
cases, the joints are provided with dowel bars spaced at 12 inch intervals. The typical size of slabs 
for JPCP is 12 to 15 ft wide by 15 to 20 ft long [13].  

             

Fig. 2 - Jointed Plain Concrete Pavement [14]. 

Jointed Reinforced Concrete Pavement (JRCP): JRCP is comprised of a concrete surface 
layer with steel reinforcements and transverse joints to control cracks (Figure 3). The steel 
reinforcement in JRCP is in the form of a welded wire fabric mesh or deformed bars and does not 
increase the strength of the pavement but allow the use of longer joint spacing [15]. The mesh 
enhances the usage of longer joints since it holds transverse cracks tightly together [12]. The typical 
JRCP joint spacing varies from 25 to 50 ft [13]. However, under long-term performance, the longer 
joint spacing causes relatively early slabs cracking as compared to the other two types of concrete 
pavements. Because of such long-term performance problems, most states in the USA rarely use 
JRCP for highway pavements [13]. 
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Fig. 3 - Jointed Reinforced Concrete Pavement [14]. 

Continuously Reinforced Concrete Pavement (CRCP): CRCP are constructed free of 
contraction/expansion joints (Figure 4). CRCP allows transverse cracks to occur but holds them 
tightly with steel reinforcements [12]. The transverse cracking behavior in CRCP depends on 
concrete properties (drying shrinkage, thermal properties, tensile strength, creep, and elastic 
modulus), reinforcing steel properties (bar diameter and coefficient of thermal expansion), and 
environmental conditions [16]. Typically, the reinforcement steels make up 0.6-0.7 percent of the 
concrete cross-sectional area [13]. Because of the joint-free design and reinforcements, the CRCP 
pavement thickness can be reduced. However, due to extensive use of reinforcements, its 
construction costs are higher than the other two types of concrete pavements.   

 

Fig. 4 - Continuously Reinforced Concrete Pavement [13]. 

 
Distresses in Concrete Pavements 

Distresses in pavements refers to damage that hinders pavement performance. The extent 
and severity of the distresses are mainly due to the variation of the subgrade soil strength, pavement 
materials characteristics, traffic loading, environmental effects, construction quality, and aging 
effects (oxidation). For concrete pavements, the common distresses include spalling, faulting, joint 
seal damage, longitudinal cracks, transverse fatigue cracks, D-cracking, popouts, pumping, 
settlement, etc. In this study, only damage due to transverse fatigue cracking and faulting were used 
to compare the relative pavement damage from truck loading. 
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Transverse fatigue cracks 

Transverse cracks develop on all concrete types, usually perpendicular to the pavement 
centerline. The width of the cracks developed may go up to 6mm [17]. The means by which the 
cracks develop differ from one type of concrete pavement to another. In JPCP, transverse cracks 
are caused by repeated traffic loading, drying shrinkage of the concrete, temperature variations, 
curling/warping, reflective cracking caused by existence of transverse cracking in the underlying 
layers and late, or inadequate transverse joint sawing. The transverse cracks may either start at the 
bottom or the top of the concrete slab depending upon the temperature and/or moisture gradients. 
When temperature and moisture gradients are negative (i.e., low temperature and less moisture at 
top of the concrete surface), the cracks initiates from top of the concrete slab, while bottom-up cracks 
develop when temperature and moisture gradients are positive (i.e., low temperature and less 
moisture at the bottom of the concrete slab) (Figure 5). 

 

     

Fig. 5 - Transverse Cracks (a) Bottom Up Cracks, (b) Top Down Cracks. 

 
Faulting 

Faulting is recorded when a difference in elevation of concrete slab(s) across joints or cracks 
is observed (Figure 6). The major cause of faulting is heavy traffic loading and climatic variations. If 
dowels are used, dowel loosening and enlargement of dowel sockets also play a part in faulting. 
Pavements with poor drainage are more likely to develop faulting than those with good drainage. 
Also, erosion under joints due to poor subbase materials contributes to faulting. In fact, the 
progression of faulting is a function of subbase/base material; the poorer the subbase/base is the 
higher the faulting. 
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Fig. 6 - Joint Faulting (a) Cross-Section View (b) Photo Top View 

 

Truck Configuration 

The USA Department of Transportation and Federal Highway Administration (FHWA) classify 
vehicles into 13 groups. Classes 1 to 3 are light vehicles with two axles, while             Classes 4 and 
higher are heavy vehicles with more than two axles. According to the FHWA, only vehicles in Classes 
4 to 13 cause significant damage to pavements [17]. 

The FHWA classification of the trucks is based on the number of axles and trailer units. The 
other characteristics of trucks such as axle group type, suspension system, tire types, distance 
between axles of a given axle group, distance between centers of dual tires, tire inflation pressure, 
and loading capacities vary based on the vehicle’s manufacturers [18]. This section will describe 
some characteristics of the trucks used in this study. 

Truck cases: In order to easily identify the truck axle and load configurations used for the 
MEPDG analysis, this study classified the truck configuration into truck cases, namely L1, L2, L3, 
L4, L5, L6, L7, L8, and L9 as illustrated in Figure 7. Each of the truck cases is made up of one or 
more of the following axles: single axle single tire (SAST), single axle dual tire (SADT), tandem axle 
dual tire (TADT), tridem axle dual tire (TRADT), and quad axle dual tire (QADT); see the illustration 
inFigure 8 [18]. 
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Fig. 7 - Truck Cases Used in the MEPDG Truck Damage Analysis. 
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Fig. 8 - Truck Axle Types. 

 

Distance between axles in a given axle group: This parameter also depends on the vehicle’s 
manufacturer. All axles in truck cases L1 to L9 were spaced at a distance of 4 ft.  

Axle width and space between centers of dual tires: Axle width refers to the distance from the 
center of dual tires of an axle to another center of dual tires of the same axle while the space between 
centers of dual tires mean the distance between centers of paired tires. Different researchers have 
been using different axle width and space between dual tires for their studies. While Kim et al. [19], 
for example, assumed these distances to be 75 inches and 13 inches, respectively. Hiller et al. [20] 
assumed them to be 74 inches and 13.5 inches, respectively. This study assumed the axle width 
and space between centers of the dual tires to be 84 inches and 12 inches, respectively [12]. 

Tire inflation pressure: The tire inflation pressure affects the contact area and stress when the tire 
is in contact with the pavement surface. According to Darestani et al.  [21], the tire pressure of heavy 
trucks varies between 70 to 140 psi. However, the MEPDG software allows use of a tire inflation 
pressure of 120 psi only. Therefore, most designs and analyses are based on this value when using 
the MEPDG software.  

Axle spacing: Different trucks may have different axle spacing. This parameter is inconsequential 
when analyzing bottom up crack damage of concrete pavements, but has significant effects when 
top down cracks are considered. Typically, the bottom part of pavements under reasonably spaced 
axles is under compressive stresses and thus, no bottom up cracks develop [22]. The axle spacing 
of the trucks used in this study is shown for the truck cases L1 to L9 in Figures 7 and 8. 

Axle loads: This is the most important parameter required for pavement design and analysis. This 
study used the provided truck cases L1 to L9 loading in Figure 7.  
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MEPDG Analysis and Design Inputs 

The inputs into the MEPDG software define the conditions under which the pavement is 
expected to perform. The MEPDG inputs also depend on the level of accuracy needed. Better results 
are expected when more data and a high level of accuracy are used within the analysis. The following 
is the sequence of MEPDG software inputs as used in this study: 

 

 General data, 

 Traffic, 

 Climate, and 

 Pavement structure 

 
General data inputs 

One of the required MEPDG general inputs is the design or expected life of the pavement. 
For JPCP, a design life of 40 years is typically adapted for high traffic volume pavements (i.e., > 
15,000 Average Annual Daily Truck Traffic, AADTT) which was implemented during this study. Other 
general inputs used in this study are summarized in Table 1.  

Tab. 1 - JPCP Performance Criteria. 

Parameter Criteria Range Default Criteria Assumed Reliability(1) 

Initial IRI (in/mi) 0-200 63 - 

Terminal IRI (in/mi) 0-300 172 90% 

Mean joint faulting (in) 0-0.25 0.12 90% 

Transverse cracking (% 
slabs cracked) 

0-50 15 90% 

(1) The assumed reliabilities are within the range of reliabilities values used for interstate highways 
[12]). 

Legend: IRI = International Roughness Index 

 
Traffic inputs 

Unlike the 1993 AASHTO Pavement Design Guide, which expresses traffic in terms of 
equivalent single axle loads (ESALs), the MEPDG requires a detailed estimate of all heavy vehicle 
axles that will travel on the pavement. Since the objective of this study was to assess and compare 
damages due to different truck configurations, each truck was analyzed separately, however the 
traffic volume was kept constant for all the cases studied. Traffic volume and the related parameters 
were arbitrarily selected from a range of default parameters in the MEPDG software. The MEPDG 
software allows an initial AADTT ranging from 100 to 25,000. This study used an AADTT of 24,000 
on a two-lane pavement in the design direction to simulate high pavement damage. In addition, the 
study assigned the MEPDG recommended values of 55% and 90% as percentage of trucks in the 
design direction and design lane, respectively. Furthermore, the study used a minimum speed of 40 
mph recommended for freeways. The speed was selected based on the theory that lower truck 
speed induces more damage to the pavement than relatively higher speeds. 

Another set of traffic inputs required for the analysis included traffic monthly adjustment and 
growth factors, vehicle class distribution, hourly truck distribution and axle load distribution. This 
study used the MEPDG default values of 1.0 and 4% for traffic monthly adjustment and growth 
factors, respectively. Table 2, 3, and 4 show the vehicle class distribution, hourly truck distribution, 
and axle load distribution used in the analysis. 
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Tab. 2 - Vehicle Class Distributions. 

Vehicle 

Class 

MEPDG 

Default 

 

Vehicle Distribution (%) for each Truck case 

L1 L2 L3 L4 L5 L6 L7 L8 L9 

4 1.8 0 0 0 0 0 0 0 0 0 

5 24.6 0 0 0 0 0 0 0 0 0 

6 7.6 0 0 0 0 0 0 0 0 0 

7 0.5 0 0 0 0 0 0 0 0 0 

8 5.0 0 0 0 0 0 0 0 0 0 

9 31.3 100 0 100 0 0 0 0 0 0 

10 9.8 0 100 0 100 100 100 100 100 100 

11 0.8 0 0 0 0 0 0 0 0 0 

12 3.3 0 0 0 0 0 0 0 0 0 

13 15 0 0 0 0 0 0 0 0 0 

Total 100 100 100 100 100 100 100 100 100 100 

 

Tab.3 - Hourly Truck Traffic Distributions. 

Time % Hourly Distribution Time % Hourly Distribution 

Midnight 2.3 Noon 5.9 

1.00 am 2.3 1.00 pm 5.9 

2.00 am 2.3 2.00 pm 5.9 

3.00 am 2.3 3.00 pm 5.9 

4.00 am 2.3 4.00 pm 4.6 

5.00 am 2.3 5.00 pm 4.6 

6.00 am 5.0 6.00 pm 4.6 

7.00 am 5.0 7.00 pm 4.6 

8.00 am 5.0 8.00 pm 3.1 

9.00 am 5.0 9.00 pm 3.1 

10.00 am 5.9 10.00 pm 3.1 

11.00 am 5.9 11.00 pm 3.1 
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Tab. 4 - Monthly Axle Load Distribution Values for Truck Cases. 

Truck 
Case 

Single Axle Tandem Axle Tridem Axle Quad Axle 

 Loads % Loads % Loads % Loads % 

L1a 
12,000 100 34,000 100 0 0 0 0 

        

L1b 
12,000 100 26,000 50 0 0 0 0 

  42,000 50 0 0 0 0 

L1c 
12,000 100 18,000 50 0 0 0 0 

  50,000 50 0 0 0 0 

L2a 
12,000 100 0 0 51,000 100 0 0 

        

L2b 
12,000 100 0 0 39,000 50 0 0 

    63,000 50 0 0 

L2c 
12,000 100 0 0 27,000 50 0 0 

    75,000 50 0 0 

L3 
12,000 100 34,000 100 0 0 0 0 

        

L4 
12,000 100 22,000 100 0 0 45,000 100 

        

L5 
12,000 100 0 0 54,000 100 0 0 

        

L6 
12,000 100 0 0 48,000 50 0 0 

    60,000 50 0 0 

L7 
12,000 100 48,000 100 0 0 57,000 100 

        

L8 
12,000 100 42,000 100 0 0 63,000 100 

        

La 
12,000 100 36,000 100 0 0 69,000 100 

        

L9b 
12,000 100 36,000 100 0 0 69,000 100 

        

L9c 
12,000 100 36,000 100 0 0 69,000 100 
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The development of the traffic inputs was completed by inserting parameters to define the 
axle load configuration and loading details used for calculating the responses and traffic volume. 
The traffic inputs used under this category were: 

Mean wheel location: This is the distance between the external edge of the nearest truck wheel 
and the pavement edge marking. The value for mean wheel location may be derived from specific 
site data, statewide data, or the national average. This study used a default value of 18 inches. 

Traffic wander standard deviation: This is the standard deviation of the lateral traffic wander. The 
input defines the average position of the axle from the point for predicting distresses and 
performance. The greater the wander value, the higher the fatigue life. The default wander standard 
deviation of 10 inches was used in this study.  

Design lane width: This is the distance between two lane markings of the design lane. This distance 
may or may not be equal to the slab width. This study used a default value of 12 ft for the standard 
lane width. 

Number of axle types per truck class: This requires an insertion of the average number of axles 
for each truck class (Class 4 to 13) and each axle type (single, tandem, tridem, and quad).  The 
values for truck cases L1 to L9, as obtained from Figure 7, are shown in Table 5. 

Tab. 5 - Number of Axles per Truck Class 

Truck case Single Tandem Tridem Quad 

L1 1 2 0 0 

L2 1 0 2 0 

L3 1 2 0 0 

L4 1 1 0 1 

L5 1 0 2 0 

L6 1 0 2 0 

L7 1 1 0 1 

L8 1 1 0 1 

L9 1 1 0 1 

 

Axle configuration: This is a section where decision values regarding axle configurations are 
inserted in order to aid in the pavement response computations. The inputs used included: 

 Average axle width: This is the width covering from one outside edge of an axle to the other side. 
The default value of 8.5ft was used for this study. 

 Dual tire spacing: This is the center to center distance between dual tires. The default value of 
12 inches was used for this study. 

 Axle spacing: This is the average distance between two consecutive axles of an axle group 
(tandem, tridem, or quad). The schematic drawings of the truck configuration provided in Figures 
7 and 8 specified the values used in this study.  

 Tire pressure: Tire pressure input is needed for estimation of the tire print area. The MEPDG has 
a fixed tire pressure of 120 psi. Therefore, the study had no other choice than using this value 
for the MEPDG analyses.  
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Wheelbase: Wheelbase information is used in the process of determining top down fatigue cracking. 
The information defines how far the steering axle is located from the drive axle of the same truck, 
and to what percentage is the wheelbase characterized as either short, medium, or long. The input 
values are applicable for vehicle Class 8 and above. The values for wheelbase are in two categories, 
namely:  

 Average spacing: The MEPDG default axle spacing are 12, 15, and 18 ft for short, medium, and 
long axles, respectively. In this study, truck case L1 to L4 had an average axle spacing of 15 ft, 
while truck cases L5 to L9 had average axle spacing of 14 ft. 

 Percentage of truck axle spacing type: This percentage represents the proportion of trucks with 
short, medium, and long axle spacing in a vehicle class. The default values provided in the 
MEPDG are 33, 33, and 34% for short, medium, and long axles, respectively. This study used 
100% medium spacing for each truck analyzed since each truck has only one wheelbase.  

 
Climate 

Climate is one the major components of the MEPDG design guide. Climatic conditions have 
significant effect on concrete pavement performance indices such as curling up and down. In the 
design and analysis of JPCP pavements, the temperature and moisture effects that matter most are: 

 A combination of permanent built-in curling during construction and permanent warping due 
to differential shrinkage. 

 Transient hourly negative and positive non-linear temperature differences caused by the heat 
of the sun. 

 Transient hourly negative humidity during each month of the year. 

 The MEPDG recommends the usage of an available database from nearly 800 weather 
stations in the USA. Some of these stations have about 100 months of climatic data. However, the 
MEPDG requires at least 24 months of actual weather station data for computational purposes. The 
software tracks any weather station data when its latitude (degrees), longitude (degrees), and 
elevation (ft) are manually inserted or imported from saved weather files. Albany, New York weather 
station was used in the analysis of this study. The station location is 42.45o latitude and -73.48o 
longitude at an elevation of 281 ft above mean sea level. 

 Another important parameter is the groundwater table depth. This parameter plays a 
significant role in the overall accuracy of the pavement moisture content, and hence, equilibrium 
moduli values. The depth is measured from the pavement surface. The MEPDG allows the user to 
insert either an estimate of the annual average depth or seasonal average depth (i.e., depths for all 
four seasons of the year). This study estimated and used Albany, New York’s yearly average 
groundwater table depth of 10 ft [23].  

 
Pavement structure 

This aspect mainly defines the pavements layer design features and properties. As discussed 
subsequently, the JPCP design features required in the MEPDG software are slab thickness, 
permanent curl/warp effective temperature difference, joint design, edge support, slab-base 
interface, and base erodibility. 

Slab thickness: The thickness of a concrete pavement slab may vary from 6 to 15 inches. However, 
slab thicknesses of 9 to 12 inches are commonly used in the USA. This study adapted a thickness 
of 12 inches for all the pavement and traffic damage analyses. 



 
  Article no. 41 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
--------------------------------------------------------------------------------------------------------------- 

 

DOI 10.14311/CEJ.2017.04.0041 520 

 

Permanent curl/warp effective temperature difference: This represents the locked stresses in the 
concrete slab due to construction temperatures, shrinkage, creep, and the curing processes. This 
value is negative because the top surface is expected to be cooler than the bottom surface under 
the initial conditions. This study adapted a default “curl/warp temperature difference” of -10oF as 
recommended in the MEPDG design guide [12]. 

Joint design: Concrete pavement joints refer to predetermined cracks designed to relieve the 
stresses in the concrete. As discussed in the subsequent text, the design inputs include type of 
sealant, joint spacing, and dowel sizing and spacing. 

 Sealant type – the sealant type is an input to predict spalling. In turn, spalling is used in the 
smoothness prediction model, but the MEPDG does not consider it as a direct effect on 
performance. The types of sealant available for MEPDG analysis are liquid, silicon, and 
preformed sealants. This study used the silicon type of sealant for all the analysis. 

 Joint spacing – joint spacing has effects on the stresses developed in the JPCP and its 
construction cost. The spacing increases the stresses but reduces the cost. Typical joint 

spacing is between 1520ft [13]. In this study, a joint spacing of 15 ft was used.  

 Dowel diameter and spacing – dowel diameter and spacing are critical inputs for predicting 
joint faulting. The larger the dowel diameter and the smaller the dowel spacing, the lower the 
concrete bearing stress and joint faulting. Respectively, the typical dowel diameters and 
spacing are 1 to 1.75 inches and 12 inches, respectively [12]. This study used a dowel 
spacing of 12 inches and dowel diameter of 1.5 inches. 

Edge support: The edge support inputs required by the MEPDG are tied concrete shoulders or 
widened slab, and long-term load transfer efficiency (LTE). Tied shoulders can significantly improve 
JPCP performance by reducing critical deflections and stresses along the edge. In this study, tied 
concrete shoulders with a long-term LTE of 70%, which lies between the values recommended for 
monolithically constructed tied shoulders, was used. 

Slab-base interface: The structural contribution of a stabilized base under a cement concrete slab 
is significant if the base is fully bonded to the slab. However, the effects of environmental and traffic 
loading tend to weaken the bond over time. This study used a non-stabilized crushed stone base; 
thus, unbonded conditions were assumed throughout the JPCP design life. 

 

Base erodibility: This input has significant effects on the initiation and development of pavement 
distresses. The MEPDG classifies the base types according to their erodibility behavior as follows: 

 

 Class 1 – Extremely erosion resistant materials 

 Class 2 – Very erosion resistant materials 

 Class 3 – Erosion resistant materials 

 Class 4 – Fairly erodible materials 

 Class 5 – Very erodible materials 

This study defined the used base materials as Class 3 – erosion resistant materials. This is 
the average class of erodibility property of material defined by the MEPDG guide.  

 Other essential parameters of structure inputs fall in the category of design layers and 
properties. The MEPDG software allows as many layers as practically possible to reflect and 
accommodate the actual various pavement structures in the field. The layer properties used in this 
study are shown in Table 6. 
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Tab. 6 - Pavement Design Layers and Properties. 

Layer and Mix 
Properties 

Layers 

Layer – 1 

(12 in) 

Layer – 2 

(12 in) 

Layer – 3 

(60 in) 

Layer – 4 

(Semi-infinite) 

Concrete slab 
surface 

Crushed stone 
base 

CH-subgrade 

 

Weathered rock 

bed 

Surface absorptive 0.85 N/A N/A N/A 

Unit weight (pcf) 150   140 

Poisson’s Ratio 0.15 0.35 0.4 0.15 

Coefficient of lateral 
pressure (ko) 

 0.5 0.5  

Coefficient of thermal 
expansion 

(per oF x 10-6) 

5.5 N/A N/A N/A 

Thermal conductivity 
(BTU/hr-ft- oF) 

1.25 N/A N/A N/A 

Heat capacity 
(BTU/lb- oF) 

0.28 N/A N/A N/A 

Cement type Type I N/A N/A N/A 

Cementitious 
material content 

(lb/yd3) 
600 N/A N/A N/A 

Water/cement ratio 0.4 N/A N/A N/A 

Aggregate type Limestone N/A N/A N/A 

Ultimate shrinkage at 
40% R.H 

(microstrains) 
50 N/A N/A N/A 

Time to develop 50% 
ultimate shrinkage 

(days) 
35 N/A N/A N/A 

Curing Method 
Compound 

curing 
N/A N/A N/A 

28 days modulus of 
rupture (psi) 

700 N/A N/A N/A 

28 days elastic 
modulus (psi) 

4,000,000 N/A N/A N/A 

Resilient modulus 
(psi) 

 35,000 5,000 500,000 

Legend: N/A = Not Applicable 
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RESULTS AND ANALYSIS 

 At first, the MEPDG analysis predicted the levels of both top-down and bottom-up fatigue 
cracking along with joint faulting. Then, the roughness of the pavement surface, expressed in terms 
of the International Roughness Index (IRI), was computed from the cracking and joint faulting data. 
Figures 9 to 11 show typical trends of the predicted damages from initial to the 40th year due to 
cracking, faulting, and roughness, respectively. There are three plots in each figure representing the 
estimated damages at 100% and 90% reliability and limit damage criteria. As described in the input 
section, this study used 90% reliability level. Based on the failure criteria adapted in this study 
(MEPDG default values), the pavement analytically failed by faulting and roughness. However, in 
this study, the failure criteria are inconsequential (as opposed to a design problem) since the MEPDG 
software was intentionally preset to complete the runs and not necessarily to limit the damages. 

 

 

Fig. 9 - Typical % Slab Cracking Development as a function of Time. 
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 Fig. 10 - Typical Faulting Development as a function of Time. 

 

Fig. 11 - Typical IRI Development as a function of Time. 
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In addition, the study determined relative damages by dividing each truck damage to the 
damage developed under truck case L1a (the selected base truck). L1 was one of the simplest truck 
configuration analyzed in this study and was arbitrarily utilized as the base truck. The relative 
damage simplified the comparison of the truck damages. A summary of the MEPDG damage output 
and average truck damages are shown in Table 10 and Figure 12, respectively.  The results show 
that truck case L7 was more detrimental to the JCPC pavement than any other truck case presented 
in this paper. The truck case L7 is composed of steering single, tandem, and quad axle on the trailer. 
Moreover, on its tandem axle it carries the most loads per wheel than any axle group analyzed, 
which presumably contributed to its detrimental damaging effects. Figure 12 also shows that the 
variations in the truck configuration have relatively small effect on the rate of change of faulting and 
roughness. Similarly, relatively smaller damages were observed for truck cases L4, L5, and L6. A 
combination of greater number of wheels per truck (larger axle groups) and lesser load distribution 
per wheel contributed to the relatively smaller damages from these truck cases. 

Tab. 10 - Summary of the MEPDG Performance Output. 

Truck 
Case 

Bottom-Up 
Cracking 

Top Down 
Cracking 

Transverse 
Cracking         
(% Slab) 

Faulting IRI 

Dam  
at 

Year 
40 

Relative 
Damage 

Dam 
at 

Year 
40 

Relative 
Damage 

Dam 
at 

Year 
40 

Relative 
Damage 

Dam 
at 

Year 
40 

Relative 
Damage 

Dam 
at 

Year 
40 

Relative 
Damage 

L1a 0.0023 1 0.11 1 8.1 1.00 0.25 1.00 276 1.00 

L1b 0.0073 3.17 0.14 1.23 9.2 1.14 0.25 1.00 275 1.00 

L1c 0.0302 13.13 0.21 1.87 13.2 1.63 0.25 1.00 280 1.01 

L2a 0.0026 1.13 0.21 1.87 12.1 1.49 0.25 1.00 279 1.01 

L2b 0.0083 3.61 0.21 1.87 13 1.60 0.24 0.96 270 0.98 

L2c 0.0339 14.74 0.21 1.87 12.5 1.54 0.25 1.00 280 1.01 

L3 0.0023 1 0.11 1 8.5 1.05 0.24 0.96 275 1.00 

L4 0.0001 0.04 0.02 0.18 5 0.62 0.22 0.88 260 0.94 

L5 0.0043 1.87 0.02 0.21 5 0.62 0.26 1.04 278 1.01 

L6 0.0062 2.7 0.02 0.21 5 0.62 0.26 1.04 282 1.02 

L7 0.0218 9.48 0.21 1.88 25 3.09 0.28 1.12 305 1.11 

L8 0.0072 3.13 0.26 2.36 15 1.85 0.28 1.12 299 1.08 

L9a 0.0019 0.83 0.16 1.41 10 1.23 0.27 1.08 290 1.05 

L9b 0.0019 0.83 0.16 1.41 10 1.23 0.27 1.08 295 1.07 

L9c 0.0019 0.83 0.16 1.41 10 1.23 0.27 1.08 295 1.07 

Dam = damage 
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Fig. 12 - Transverse Cracking, Faulting, and IRI Damages for All Truck Cases. 

Furthermore, the study analyzed the effects on JPCP due to load shifting and changes in the 
space between the axle groups. These aspects are discussed in the subsequent text. 
 
Effects of load shifting (equal sized axles) 

Figures 13 and 14 present the MEPDG damage analysis results for trucks L1 (tandem to 
tandem axles load shifting) and L2 (tridem to tridem axles load shifting), respectively. The results 
indicate that shifting of the loads increases damage for all the types of JPCP cracking that were 
assessed. By contrast, faulting and roughness were negligibly affected by shifting the load. Of all the 
damages under this category, bottom up cracking had the highest rate of increase of damage. In 
addition, the study observed slightly higher damages due to truck case L2 (tridem wheels) than truck 
case L1 (tandem wheels) even though each wheel of the truck cases carried the same weight. For 
example, truck cases L1a and L2a all have 17,000bs per wheel. 
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Fig. 13 - Truck Case L1– Effect of Shifting Loads between Equal Axles. 

 

 

Fig. 14 - Truck Case L2– Effect of Shifting Loads between Equal Axles. 

 
Effects of load shifting (unequal sized axles) 

Figure 15 shows the MEPDG damage analysis results for trucks case L7, L8, and L9a.  The 
truck cases represent the effects of load shifting for unequal sized axles (i.e., from tandem to quad 
axle). Relative to truck case L7, the shifted loads were 6,000lbs and 12,000lbs for truck casesL8 and 
L9a, respectively. The figure illustrates a decrease in cracking damage whenever the loads are 
shifted from tandem to quad axle. Likewise, negligible change in faulting and IRI damages was 
observed.   
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 Fig. 15 - Effect of Load Shifting from Tandem to Quad. 

Effects of increasing spaces between the axles of an axle group 

 Figure 16 shows relative damage to the JPCP pavement due to increase in the axle spacing 
of truck case L15. The wheel spacing for the axle group was 48”, 60”, and 90” for truck case L9a, 
L9b, and L9c, respectively. The MEPDG damage analysis results as shown in Figure 16, depict that 
JPCP is not sensitive to the spacing of the wheels in any axle group. 

 

Fig. 16 - Effect of Changing Axle Spacing for Truck. 
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CONCLUSION 

The aim of this study was to compare trucks in terms of major damages caused to concrete 
pavements. The study was successful not only at identifying the most damaging truck cases, but 
also at establishing the trends of truck damage when the axle loads were shifted, or when axle 
spacing in an axle’s group were changed. Based on these results, the following conclusions can be 
made: 

 
 When loads are shifted between the axles of the same size, on the same truck, the damage 

increases as the shifted load increases; the minimum damage occurs when the axles are 
loaded equally. Two sets of truck cases L1 (tandems) and L2 (tridem) were used to 
demonstrate this behavior. 

 The rate of increase of truck damage due to load shifting between equal axles of the same 
size was higher for truck L1 (tandem axles) than L2 (tridem axles). 

 As expected, at the same axle load, when a tandem axle is replaced by a tridem or quad 
axle, the damage to the pavement decreases. This was evidenced by a reduction in truck 
damage when truck case L7, having tandem axles, was replaced by truck cases L8 and L9a, 
which have tridem and quad axles, respectively.  

 Based on the MEPDG analysis, increasing spacing in an axle group (i.e., quad axle group) 
does not change the extent of fatigue cracking, faulting, or roughness of the JPCP. 

 As theoretically expected, trucks with excessive loads per wheel impacted more damage to 
the pavement as exemplified by truck case L7. 

 

Overall, the study findings highlight the importance of evenly distributing the truck loading on 
the axles so as to minimize pavement damage. As was demonstrated in this paper, minimum 
damage occurred when the truck axles were loaded equally. However, the MEPDG damage analysis 
in this study was performed on a concrete pavement with a slab thickness of 12 inches that yielded 
relatively small damage levels. Therefore, future studies should consider thinner slabs where 
substantial damage from truck loading is theoretically expected. 
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ABSTRACT 

The strain rate sensitivity of concrete material was discovered approximately one hundred 
years ago, and it has a marked effect on the behaviour of concrete members subjected to dynamic 
loadings such as strong earthquake and impact loading. Because of the great importance of the 
confined reinforced concrete (RC) columns in RC structures, the dynamic behaviour of the 
columns induced by the strain rate effect has been studied, but only few experiments and analyses 
have been conducted. To investigate the behaviour of overlapping hoop-confined square 
reinforced normal-strength concrete columns, considering the strain rate effect at a strain rate of 
10-5/sec to 10-1/sec induced by earthquake excitation, an explicit dynamic finite element analysis 
(FEA) model was developed in ABAQUS to predict the behaviour of confined RC columns 
subjected to the rapid concentric loading. A locally modified stress-strain relation of confined 
concrete with the strain rate sensitivity of the concrete material and the confining effect of 
overlapping hoops were proposed to complete the simulation of the dynamic behaviour of concrete 
with the concrete plastic-constitutive model in ABAQUS. The finite element predictions are 
consistent with the existing test results. Based on the FEA model, a parametric investigation was 
conducted to capture more information about the behaviour of confined RC columns under varying 
loading rates. 

KEYWORDS 
Reinforced concrete columns, Rapid loading, Overlapping hoops, Confining effect, Strain 

rate sensitivity, Finite element analysis, Parametric investigation 

INTRODUCTION 
With the increasing strain rate of concrete and reinforcing steel, the properties of these 

materials change. This refers to the strain rate sensitivity of concrete and reinforcing steel, which 
has been documented in literature [1-5]. The strain rate sensitivity of the materials significantly 
affects the behaviour of reinforced concrete (RC) members under dynamic loading. As a typical 
type of dynamic load, earthquake loading induces strain rates on the structures. The quasi-static 
stain rate is commonly approximately 10-6/sec to 10-5/sec. Bertero predicted that for a notably rigid 
RC structure with a fundamental natural period of approximately 0.1 s under earthquake action, the 
strain rate at some critical regions can be as high as 0.025/sec [6]. Generally, the strain rate of 
materials in RC structures under earthquake loading is approximately from 10-4/sec to 10-1/sec [7-
9]. Asprone et al. conducted an earthquake evaluation analysis of RC structures to appreciate the 
effect of the strain rate sensitivity of concrete and reinforcing steel on the global seismic response  
of RC structures [10]. The result shows that considering the updated material properties, to  
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account for the earthquake-induced strain rate, a strength reserve of the structural system is 
experienced when only ductile failure mechanisms are considered; on the other hand, the 
structural capacity decreases when brittle failure mechanisms are included. The evaluation method 
with consideration of the strain rate effect of the behaviour of RC structures under earthquake 
loading appears to be more proper. 

The RC column is an elementary member of RC structures. The strain rate effect on the 
dynamic behaviour of RC columns by directly imparting rapid loading protocols has been partially 
studied. Reinschmidt et al. conducted several static and dynamic tests on plain and RC columns 
with a slenderness ratio (L/D) of 3 to 25 under eccentric or concentric axial loads [11]. They 
observed a 30-40 percent increase in the strength of columns under dynamic loads compared with 
the contrast columns under quasi-static loads, except the notably slender columns with a 
slenderness ratio of 25 were 70 to 100 percent stronger under dynamic loads than those tested 
under quasi-static loads. Xu and Zeng [12] found that the lateral inertial effect played an important 
role in increasing the axial bearing capacity for slender columns under axially rapid loading. Iwai et 
al. investigated the effect of the axial loading rate on the behaviour of RC columns [13]. Four short 
columns (L/D=6) and eight long columns (l/D=16 and 26) were tested under concentric and 
eccentric loads. The experimental results show that the maximum load of dynamically loaded 
columns is 11-14% larger than that statically loaded for concentric compression and 17- 37% 
larger under dynamic load for eccentric compression.  

The aforementioned studies did not fully account for the confined effect of hoops under high 
strain rates. Under a static load, various studies show that the confined concrete behaves better 
than unconfined concrete. Then, the behaviour of confined concrete under dynamic loading 
becomes an interesting topic. To investigate the behaviour of concrete confined by hoops under 
rapid loading, Scott et al. conducted a test programme on twenty-five square short RC columns 
with different longitudinal steel bars and arrangements of overlapping hoops, which were subjected 
to concentric and eccentric loads at different strain rates [14]. The compressive strain rate was 
either 0.0000033/sec or 0.0167/sec. The test results show that a high longitudinal strain rate 
(0.0167/sec) increases the peak stress and descending branch of the core concrete by 
approximately 25%. A stress-strain curve for confined concrete loaded at a high strain rate was 
proposed by modifying Kent and Park’s [15] stress-strain relation for confined concrete with a 
dynamic multiplying factor of 1.25 for the peak stress, strain at the peak stress and slope of the 
falling branch. Li et al. experimentally investigated the behaviour of short reinforced high-strength 
concrete columns [16]. Thirty specimens with different confining reinforcement configurations, yield 
strengths of transverse reinforcement and concrete compressive strengths, were tested under 
concentric loads at different strain rates (0.000011/sec and 0.0167/sec). The test results confirmed 
that high-strength concrete had lower strain rate sensitivity than low- and moderate-strength 
concrete. Under high strain rate loading, the modulus of elasticity and slope of the descending 
branch of the stress-strain curve increase, but the effect of the high strain rate on the compressive 
strength depends on the strength of the transverse reinforcement. Zeng and Xu [17] developed an 
FEA model in general-purpose finite element computer program ABAQUS to predict the behaviour 
of laterally confined short RC columns under rapid concentric loading, but the model had a 
shortcoming: the cover concrete and core concrete were simulated with the same identical 
constitutive models.  

Despite two experimental programmes and limited numerical analyses that investigated the 
effects of the loading rates on RC columns confined by transverse reinforcement, the state of the 
art on the subject remains in its infancy. Until now, notably limited experimental data can be 
acquired to investigate the effect of different parameters at high strain rate, and there is notably 
little finite element modelling on the dynamic behaviour of RC columns. Because of the high 
requirement on loading instrument for the rapid loading test, the FEA modelling becomes a good 
choice for parametric studies. In this paper, the objective is to investigate the dynamic behaviour of 
square reinforced normal-strength concrete columns confined by overlapping hoops under rapid 
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concentric loading through finite element analysis. To model the behaviour of concrete confined by 
overlapping hoops (different from the hoops in the study by Zeng and Xu [17]) at high strain rates 
using the concrete damaged plasticity model in ABAQUS, a locally modified compressive stress-
strain relation of concrete was developed based on the work by Zeng and Xu [17], which considers 
the confining effect of the overlapping hoops and strain rate effect of concrete. Then, an explicit 
dynamic FEA model was established in ABAQUS to evaluate and predict the behaviour of the 
overlapping-hoop-confined square reinforced normal-strength concrete columns with two different 
reinforcement arrangements (type A and type B, as shown in Figure 1). Finally, the effect of the 
parameters including the loading strain rate (3×10−5 - 3×10−1/sec), reinforcement arrangement 

(type A and type B), longitudinal reinforcement ratios (s: 2.65% and 1.27%) and volumetric ratios 

of transverse reinforcement (sv: 3% and 1.5%) on the dynamic behaviour of confined RC columns 
was investigated. 

 

Type A                                      Type B 

Fig. 1 - Typical details of the test units 

BRIEF DESCRIPTION OF THE RAPID AXIAL LOADING EXPERIMENT ON RC 
COLUMNS 

Until now, the experimental data of square reinforced normal-strength concrete columns 
confined by overlapping hoops under axial rapid loading have been notably limited and can only be 
acquired from literature [14]. In the paper, eight RC columns confined by overlapping hoops from 
the rapid concentric loading experiment of Scott et al. [14] were used to verify the following FEA 
model. Figure 1 shows that all test specimens have identical cross sections of 450 mm × 450 mm 
and are 1200 mm high. The longitudinal concrete strains in the test units were measured over the 
central 400-mm gage length of the units. Two reinforcement arrangements (type A and type B, as 
shown in Figure 1) were used. These arrangements are typical for 8-bar and 12-bar columns. The 
centre-to-centre spacing of longitudinal bars across the section for type-A and type-B 
arrangements was 183 mm and 123 mm, respectively. More details of the cross-sections in the 
test regions of different columns are shown in Table 1. The volumetric ratio of transverse 

24 mm dia. 20 mm dia. 

10 or 12 mm dia. 
hoops 

10 or 12 mm 
dia. hoops 

Eight 24 mm dia. 
Grade 380 

10 or 12 mm dia. 
Grade 275 
Hoopers 

10 or 12 mm 
dia. 

Grade 275 
Hoopers 

Twelve 20 mm 
dia. Grade 275 or 
380 
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reinforcement sv is 0.0134 to 0.0309. The spacing of transverse hoops was reduced by one-half 
for 200 mm at each end of the test columns to provide extra confinement and ensure that failure 
occurred in the 800-mm-long central region. For columns under rapid concentric loadings, the 
strain rate was 0.0167/sec, which is representative of that expected during seismic loading. The 
quasi-static test columns with a strain rate of 0.0000033/sec were used for contrast. 

Tab. 1 - Details of the cross-section of test columns  

Speci-
mens 

Type  
of load 

Reinforc-
ement 
arrange-
ment 

Concrete  
compressive  
cylinder strength
 fc (Mpa) 

Longitudinal reinforcement Transverse reinforcement 

Number 
of bars 

Diameter  
(mm) 

Yield 
strength 
fy (Mpa) 

Diameter 
(mm) 

Spacing 
(mm) 

Yield 
strength 
fhy (Mpa) 

Volumetric 

ratio sv 

Unit6 
Quasi-
static Type A 

 

25.3 

8 24 394 

10 72 309 0.0174 

Unit7 

Rapid 
loading 

25.3 10 72 309 0.0174 

Unit17 24.8 10 98 309 0.0134 

Unit19 24.8 12 88 296 0.0213 

Unit20 24.8 12 64 296 0.0293 

Unit2 
Quasi-
static Type B 

 

25.3 

12 20 434 

10 72 309 0.0182 

Unit3 

Rapid 
loading 

25.3 10 72 309 0.0182 

Unit12 24.8 10 98 309 0.014 

Unit14 24.8 12 88 296 0.0224 

Unit15 24.8 12 64 296 0.0309 

EXPLICIT DYNAMIC FEA MODELLING 

To avoid numerical difficulty in convergence, the analysis module ABAQUS/Explicit was 
used to solve the quasi-static and dynamic analysis of RC columns under concentric loading.  

The steel rebar was modelled using a 2-node linear 3D truss element (T3D2) in the explicit 
element library. The concrete was modelled using 8-node brick elements (C3D8R) in the explicit 
element library with three translational degrees of freedom at each node. The approximate global 
mesh size of 50 mm was used to discretize the concrete body, which can provide a precise 
simulation result. The load plate was modelled with an analytical rigid part, which is reasonable to 
save the computing cost because the load plate of the test machine is sufficiently stiff. 

An embedded region constraint was used to simulate the interaction between the steel bars 
and concrete, which embedded the steel bars (embedded elements) into the concrete (host 
elements). In other words, the translational degrees of freedom of the embedded node were 
constrained to the interpolated values of the corresponding degrees of freedom of the host element, 
but these rotations were not constrained by the embedding [18]. General contact in the explicit 
module was used to simulate the interaction between the surfaces of the rigid load plate and the 
end of the column, which combines a rough friction formulation for the tangential behaviour and a 
contact pressure model for the normal direction behaviour. 

In Figure 2, a quarter model with symmetric boundaries on the X-Y plane and Y-Z plane 
was used based on the symmetry, which reduced the computation cost. In ABAQUS, the motion of 
the rigid load plate at the end of the column was constrained to the motion of a reference point, so 
the axial load was applied to the top reference point with an allowable translational motion in the 
direction Z and an allowable rotational motion around the X-axis. The boundary conditions in the 
FEA model were selected according to the actual experimental boundary conditions. 
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Concrete material model  

The concrete damaged plasticity model [18] was used to simulate the behaviour of concrete. 
The constitutive model uses concepts of isotropic damaged elasticity in combination with isotropic 
tensile and compressive plasticity to represent the inelastic behaviour of concrete. The damaged 

 
 

Fig. 2 - Illustration of the finite element model 

model describes the irreversible damage that occurs during the fracturing process, which enables 
the user to control the stiffness recovery effects during cyclic load reversals. In this study, the test 
columns were under a monotonic load, there was no need to define the damaged model, and only 
the plasticity model was defined in the FEA model. 

The plastic constitutive theory in the model is suitable to describe concrete and other quasi-
brittle materials under fairly low confining pressures (less than four or five times the ultimate 
compressive stress in uniaxial compression loading) and can consider the strength improvement at 
the state of triaxial loading. It can also be defined as sensitive to the straining rate. The key 
parameters of the plasticity model are as follows: the dilation angle, eccentricity, ratio of the biaxial 
compression strength to the uniaxial compression strength of concrete, ratio of the second stress 
invariant on the tensile meridian to that on the compressive meridian and viscosity parameter are 
30°, 0.1, 1.16, 0.667, and 0.0001, respectively [19]. Regarding the dynamic modulus of elasticity, 
Bischoff and Perry noted the confusion about whether the initial tangent modulus should change 
with the strain rate because of the confliction from different experimental results [2]. In this study, 
the modulus of elasticity is assumed to be constant for an effective numerical implementation in 

ABAQUS and is equal to c4730 f by ACI 318 [20], where fc (N/mm2) is the compressive cylinder 

strength of concrete under a quasi-static load. Poisson’s ratio of concrete is assumed to be 
constant under dynamic loading, as recommended by CEB [21], and is equal to 0.2. Moreover, an 
equivalent uniaxial compressive stress-strain relationship and tension stiffening are required in the 
plasticity model of concrete, which will be described as follows. 

Uniaxial compressive stress-strain relation of confined concrete considering the 
strain rate effect 

As previously mentioned, the range of strain rate of the materials in RC structures under 
earthquake loading is approximately 10-4/sec to 10-1/sec [7-9]. To consider the strain rate sensitivity 
of concrete, the dynamic compressive cylinder strength fcd of concrete can be estimated from 
Equations 1 and 2 provided by CEB-FIP Model Code 1990 [1]. 

11.026α

cs

cscd 30)(/ s 
 sff 










                               (1) 

Symmetry boundary 
on Y-Z plane 

Symmetry boundary 
on X-Y plane 

Loading at a reference 
point with a boundary 
of hinge 
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cocs

s
/95

1

ff


  
                                               (2)

 

where fcs is the quasi-static compressive strength of unconfined concrete; fcs=0.85fc considering a 
strength-reduction factor related to the column shape, size and the difference between the strength 
of in situ concrete and the strength determined from standard cylinder tests [22-23];   is the strain 

rate (s-1); fc0=10 Mpa; and cs =30×10-6 s-1. fcd increases with increasing strain rate; the other 

parameters in the following uniaxial compressive stress-strain curve correspondingly change, and 
the dynamic uniaxial compressive stress-strain curve is formed. 

The uniaxial compressive stress-strain relation of confined concrete considering the strain 
rate effect is shown in Figure 3, which is suitable for the dynamic finite element analysis of 
concrete confined by overlapping hoops using ABAQUS. The basic equations (Equation 3 to 6) of 
the stress-strain relation, which were proposed by the author [17,19], are used.                                                                                            
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where parameters a and d control the slope of the ascending and descending branches of the 

stress-strain curve, respectively;  and are the strain and stress of the confined concrete under 

dynamic loading, respectively; and co is the peak strain of the confined concrete (as shown in 
Figure 3), which is expressed as [17]                                                                                                                       

62.06

coco 1080010)5.121300(


                                 (7) 

 

 
Fig. 3 - Dynamic stress-strain relation of confined concrete 

where sv fh/fcd,sv is the volume ratio of the transverse hoop to the confined concrete core, and 

fh is the stress in confinement reinforcement at the peak strength of confined concrete. fh was 
proposed by Le´geron and Paultre [23] as follows:  
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http://www.baidu.com/link?url=NI4j4kEOPFPWfJZqDcoerczHhobdy0HM9AQphh9aDB6gn1FOecZyGY-9zrfL7jkJCI3Y5BVIEcrEHaanvtJb4U_p3imsm1PZQ2z_iBy_tbQMgERM-EAQwBLPzzcuQYmZ
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where fhy is the yield strength of stirrups; se is the effective sectional ratio of confinement 

reinforcement in the x or y direction (Figure 4); and is a parameter to determine whether the 

transverse reinforcement yields at the peak strength of confined concrete. se and  are expressed 
as follows:  

    scAk shese                                                                   (9) 

)( cssecd  Ef                                                               (10) 

where s and c (as shown in Figure 4, c=cx=cy) are the spacing of transverse reinforcement and 
diameter of the core measured centre-to-centre of the hoops, respectively; Ash is the total area of 
transverse bars in the x or y direction and is defined as 3.41 and 3.61 times the cross-section area 

of a single tie leg for the type-A and type-B configurations in Table 1, respectively [24]; Es and c 

are the modulus of elasticity of transverse reinforcement and the axial strain, which corresponds to 
the concrete cylinder strength, respectively; and ke is the geometrical effectiveness coefficient of 
confinement, which represents the ratio of the smallest effectively confined concrete area at 
midway between two layers of stirrups to the nominal concrete core area. ke was proposed by 
Mander et al. [25] as follows: 

c

yxyx
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s

cc
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k                                                (11) 

where wi is the ith clear distance between adjacent longitudinal bars (as shown in Figure 4); s  is 

the clear spacing of transverse reinforcement; c is the ratio of the area of longitudinal steel to the 
area of the core of the section; and cx and cy are the core dimensions to centrelines of the 
perimeter hoop in the x and y directions, respectively. 

In Equation 4,cc50 is the post-peak axial strain in confined concrete when the capacity 

decreases to 50% of the confined strength. Based on the expression of cc50 proposed by Le´geron 

and Paultre [23], the modified expression of cc50 is 

)401( e50c50cc50 I                                               (12) 

where c50 is the post-peak axial strain in unconfined concrete under quasi-static load when the 

capacity decreases to 50% of unconfined strength, and c50=0.004 according to the proposal of 

Le´geron and Paultre [23]; e50I  is the effective confinement index at cc50, 

cdhsee50 ff yI                                                      (13) 

 

Confined concrete 

s 

s' 

 
Fig. 4 - Diagram of the partial parameters [26] 



 
  Article no. 42 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0042 537 

 

Uniaxial compression stress-strain relations of cover concrete considering the 
strain rate effect 

When the volume ratio of transverse steel is v =0 and the effective confinement index is 

e50I =0 in Equations 7 and 10, respectively, Equation 1 to 13 describe the uniaxial compressive 

stress-strain relation of cover concrete with the strain rate effect, which can be used to analyse the 
behaviour of the cover concrete of RC columns.  

Uniaxial tensile behaviour 
In ABAQUS, the uniaxial tensile behaviour of concrete is taken as a linear elastic relation 

before reaching the tensile strength [18]. The post-failure behaviour for direct straining is modelled 
with tension stiffening, which enables the user to define the strain-softening behaviour for cracked 
concrete. This behaviour also enables the effects of the reinforcement interaction with concrete to 
be simulated in a simple manner. One method to specify tension stiffening is applying a fracture 
energy cracking criterion. The fracture energy is directly specified as a material property in the 
model, and a linear loss of strength after cracking is assumed. The fracture energy GF in N/m is 
determined by the expression proposed by the Fib Model Code for Concrete Structures 2010 [27], 

18.0
cF 73 fG                                                                  

 (14) 

where fc is the compressive strength in MPa. 
As suggested by available studies [28-30] on the dynamic fracture energy of concrete, the 

dynamic fracture energy of concrete can be assumed to be identical to the static fracture energy 
for the strain rate range from 10-4 to 10-1 under earthquake action. 

Steel material model 
An isotropic elastic-plastic model was used to describe the constitutive behaviour of the 

steel bar. The perfect elastic-plastic relation was used as the uniaxial stress-strain relation of steel. 
Based on the studies on the dynamic behaviour of steel, the steel modulus of elasticity has no 
relation to the strain rate. The steel modulus of elasticity is constant under dynamic loading. The 

dynamic yield strength of steel yd  is obtained using the Cowper-Symond equation,  

q

C

1

1
ys

yd














 
                                                         (15) 

where ys  is the static yield strength of steel,   is the strain rate of steel, C=1300 s-1 and q=5 

according to Munoz-Garcia et al. [31]. 

VERIFICATION OF FEA MODEL 
Based on the FEA model, the quasi-static and dynamic behaviours of the columns in Table 

1 were simulated. Figures 5 and 6 show that the predicted axial load (N) versus the axial strain () 

curves are consistent with the tested N-curves under the conditions of quasi-static loading and 

rapid loading. Because the available tested N-curves under rapid loading from the literature are 

notably limited, the comparison between the predicted N- curves and the tested axial bearing 
capacity are shown in Figures 5 and 6. Table 2 shows the comparison between experimental and 

predicted axial bearing capacities (Pe and Pc) and the corresponding average axial strain (c 

ande). The largest error of the predicted axial bearing capacity is 7% for Unit19. The mean value 
and standard deviation of Pc/Pe are 0.97 and 0.03, respectively. The largest error of the predicted 
axial strain at the bearing capacity is 36% for Unit12, but the mean value and standard deviation of 

c/e are 1.11 and 0.16, respectively. The comparison shows that the FEA model is effective to 
predict the quasi-static and dynamic behaviour of square reinforced normal-strength concrete 
columns with different volume ratios of transverse reinforcement. 
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(a) Unit6                                             (b) Unit7                                           (c) Unit17 

  
                                                         (d) Unit19                                          (e) Unit20 

Fig. 5 - Comparison between experimental and predicted N- curves of columns with type-A 
reinforcement arrangement 

 

  
(a) Unit2                                               (b) Unit3                                         (c) Unit12 

  
                                                       (d) Unit14                                           (e) Unit15 

Fig. 6 - Comparison between experimental and predicted N- curves of the columns with type-B 
reinforcement arrangement 



 
  Article no. 42 

 
THE CIVIL ENGINEERING JOURNAL 4-2017 

 
----------------------------------------------------------------------------------------------------------------- 

 

                  DOI 10.14311/CEJ.2017.04.0042 539 

 

Tab. 2 - Comparison between tested and predicted bearing capacities and the corresponding axial 
strain  

Specimens Pe/kN Pc/kN Pc/Pe e c c/e 

Unit6 6720 6628 0.99  0.0041 0.0041 1.00  

Unit7 7850 7717 0.98  0.0032 0.0035 1.09  

Unit17 7900 7455 0.94  0.0027 0.0032 1.19  

Unit19 8400 7794 0.93  0.0032 0.0034 1.06  

Unit20 8800 8362 0.95  0.0039 0.0037 0.95  

Unit2 7070 7175 1.01  0.0036 0.0035 0.97  

Unit3 8410 8360 0.99  0.003 0.0038 1.27  

Unit12 8500 7974 0.94  0.0025 0.0034 1.36  

Unit14 8800 8532 0.97  0.0033 0.0042 1.27  

Unit15 9400 9188 0.98  0.0052 0.0047 0.90  

Mean   0.97   1.11 

Standard 
deviation 

  0.03   0.16 

Note: Pe and Pc are the experimental and simulation axial-bearing capacity, respectively; e and care the experimental 
and simulation axial strain at the axial-bearing capacity, respectively. 

PARAMETRIC INVESTIGATION 

Numerical simulation matrix 
After the verification of the FEA model against the experimental results, this section 

presents a parametric investigation to capture more information about the behaviour of RC 
columns under varying loading rates. Various key parameters were considered, including the 
loading strain rate (3×10−5, 3×10−4, 3×10−3, 3×10−2 and 3×10−1 s−1), reinforcement arrangement 

(type A and type B), longitudinal reinforcement ratios (s: 2.65% and 1.27%) and volumetric ratios 

of transverse reinforcement (sv: 3.0% and 1.5%). Table 3 summarizes the specimen 
characteristics of the simulation matrix. The titles of the specimens in Table 3 describe the varying 
parameters and have the following meaning. The first letter (A or B) in the titles represents the 
reinforcement arrangement of type A or type B. The number after the first letter indicates the ratio 

of longitudinal steel s. Numbers 2 and 1 correspond to s=2.65% and s=1.27%, respectively. The 

numbers behind the middle hyphen represent the volumetric ratio sv of the transverse 

reinforcement. Numbers 3.0 and 1.5 indicate sv=3% and sv=1.5%, respectively. All specimens 
are 1200 mm long and have identical section sizes of 450 mm × 450 mm. The core size measured 
from the centre of the perimeter hoop was maintained constant at 400 mm × 400 mm. The 
concrete compressive cylinder strength fc was 30 MPa. 

Influence analysis of investigated parameters 
As shown in Figure 7, the loading rate has an obvious effect on the N- curves. First, the 

axial bearing capacity increases with the increase in loading rate. The dynamic increasing factor 
(DIF) of the bearing capacity, namely, the ratio of dynamic bearing capacity to quasi-static bearing 
capacity at a strain rate of 0.000033/sec, is commonly used to describe the effect of the loading 
rate on the bearing capacity. In these cases, the maximum DIF is 1.28 for specimen A1-1.5 when 
the strain rate increases to 0.3/sec. Second, the ductility obviously decreases after the loading rate 

increases. The descending branches of N- curves with different loading rates appear to converge 

http://dict.cnki.net/dict_result.aspx?searchword=%e9%85%8d%e7%ad%8b%e7%8e%87&tjType=sentence&style=&t=ratio+of+reinforcement
http://dict.cnki.net/dict_result.aspx?searchword=%e9%85%8d%e7%ad%8b%e7%8e%87&tjType=sentence&style=&t=ratio+of+reinforcement
http://www.so.com/link?url=http%3A%2F%2Fdict.youdao.com%2Fsearch%3Fq%3Dhyphen%26keyfrom%3Dhao360&q=hyphen&ts=1493892625&t=d83ce0648906b0be8ae1b299aeaba60
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after the axial strain reaches a certain value. 

Tab. 3 - Specimens for the parameter analysis 

Specimen 

Longitudinal reinforcement Transverse reinforcement 

Diameter 
(mm) 

Ratio of 
longitudinal 

steel s 

Yielding 
strength fy 

(Mpa) 

Diameter 
(mm) 

Spacing 
(mm) 

Yielding 
strength fhy 

(MPa) 

Volumetric 

ratio sv 

A1-3.0 18 1.27% 400 10 43 300 3.0% 

A1-1.5 18 1.27% 400 10 86 300 1.5% 

A2-3.0 26 2.65% 400 10 43 300 3.0% 

A2-1.5 26 2.65% 400 10 86 300 1.5% 

B1-3.0 14.7 1.27% 400 9.7 43 300 3.0% 

B1-1.5 14.7 1.27% 400 9.7 86 300 1.5% 

B2-3.0 21.2 2.65% 400 9.7 43 300 3.0% 

B2-1.5 21.2 2.65% 400 9.7 86 300 1.5% 

 

      
(a) A2-3.0                                                                 (b) A2-1.5    

       
                     (c) A1-3.0                                                                 (b) A1-1.5   

Fig. 7 - Effect of the loading rate on the N- curves 

Figure 8 shows the effect of the transverse reinforcement volumetric ratio (sv: 3.0% and 

1.5%) on the DIF. Improving the transverse reinforcement volumetric ratio reduces the DIF. With 
the increase in strain rate, the difference of the DIF with two different volumetric ratios of 

http://dict.cnki.net/dict_result.aspx?searchword=%e9%85%8d%e7%ad%8b%e7%8e%87&tjType=sentence&style=&t=ratio+of+reinforcement
http://dict.cnki.net/dict_result.aspx?searchword=%e9%85%8d%e7%ad%8b%e7%8e%87&tjType=sentence&style=&t=ratio+of+reinforcement
http://dict.cnki.net/dict_result.aspx?searchword=%e9%85%8d%e7%ad%8b%e7%8e%87&tjType=sentence&style=&t=ratio+of+reinforcement
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transverse reinforcement increases. Compared with the specimens with type-A reinforcement 
arrangement, the difference of DIF with different volumetric ratios of transverse reinforcement is 
more obvious for the specimens with type-B reinforcement arrangement. However, the maximum 
difference of DIF is only 5.3%, which is notably small. Thus, the effect of the transverse 
reinforcement volumetric ratio in the range of 1.5% to 3% on the DIF can be ignored. 

 
(a) A1-3.0 and A1-1.5       (b) A2-3.0 and A2-1.5         (c) B1-3.0 and B1-1.5          (d) B2-3.0 and B2-1.5 

 Fig. 8 - Effect of the transverse reinforcement ratio on DIF 

Figure 9 shows that an increase in longitudinal reinforcement ratio from 1.27% to 2.65% 
makes the DIF slightly decrease. Figure 10 shows the effect of the reinforcement arrangement on 
the DIF. The two specimens in each group in Figure 10 have identical longitudinal reinforcement 
ratio and transverse reinforcement volumetric ratio but different reinforcement arrangements. The 
DIF of specimens with type-B reinforcement arrangement is slightly larger than the DIF of 
specimens with type-A reinforcement arrangement. In sum, the effect of the longitudinal 
reinforcement ratio and reinforcement arrangement on DIF is smaller than the effect of the 
transverse reinforcement ratio, and the effect is also commonly negligible. 

 

 
(a) A1-3.0 and A2-3.0        (b) A1-1.5 and A2-1.5        (c) B1-3.0 and B2-3.0         (d) B1-3.0 and B1-1.5 

Fig. 9: Effect of the longitudinal reinforcement ratio on DIF 

 
(a) A1-3.0 and A2-3.0       (b)   A1-1.5 and A2-1.5       (c)   B1-3.0 and B2-3.0        (d) B1-3.0 and B1-1.5 

 
Fig. 10: Effect of the reinforcement arrangement on DIF 
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CONCLUSION 

In this paper, a three-dimensional FEA model was developed to investigate the behaviour 
of RC columns with the overlapping hoop confining effect under different concentric loading rates. 
The predicted results by the FEA model were consistent with the test results. Based on the 
numerical results obtained in the study, the following conclusions were drawn.  

(1) A modified uniaxial compressive stress-strain relation of concrete was developed, including 
the confining effect of overlapping hoops and strain rate effect of concrete, and it is proper 
to simulate the quasi-static and dynamic behaviour of the overlapping hoop-confined 
concrete by introducing it into the concrete damaged plastic material model in ABAQUS.  

(2) Increasing the loading rate increases the axial bearing capacity but decreases the ductility 
of RC columns. Compared with the quasi-static bearing capacity, the increase in axial 
bearing capacity is obvious when the strain rate approaches 0.3/sec. 

(3) For the RC columns with the reinforcement arrangement of type A or type B, the transverse 
reinforcement volumetric ratio and longitudinal reinforcement ratio slightly affect the DIF of 
specimens under the strain rate of 0.00003/sec to 0.3/sec.  

(4) With the identical volumetric ratio of transverse reinforcement and longitudinal 
reinforcement ratio, the change of reinforcement arrangement between type A and type B 
slightly affects the DIF of specimens under the strain rate of 0.00003/sec to 0.3/sec. 
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ABSTRACT 

Because the stratification of argillaceous slate developed well, the anisotropy is obvious and 

it is easy to soften when encountering water, in the excavation, tunnel is easy to cause large 

deformation and collapse. In order to understand the softening mechanism of argillaceous slate in 

water and mechanical anisotropy and to provide reference for solving practical engineering 

problems, in this paper, introducing an argillaceous slate highway tunnel project in Zixi County of 

Jiangxi province. By preparing standard specimens in field sampling, the mineral composition 

analysis, water rational test and uniaxial compression test were carried out. The result shows: The 

main mineral composition of argillaceous slate is sericite, inclusion of a few chlorite, quartz and so 

on. This composition makes  obvious characteristics of soft rock. The influence of hydration on the 

mechanical properties of argillaceous slate is large. With the increase of water content, the peak 

strength shows a downward trend, while the Poisson ratio shows the characteristics of slow growth. 

At the same time, the mechanical properties of argillaceous slate are obviously anisotropic by the 

direction of stratification plane. The failure modes of argillaceous slate mainly include axial tension, 

local shear failure and shear failure along the stratification plane. 

KEYWORDS 

Argillaceous Slate, Tunnel Surrounding Rock, Compression Test, Water Rationality, Mechanical 

Properties 

INTRODUCTION 

In recent years, the number of tunnel construction in our country is increasing, and various 

complicated geological environment emerge in endlessly. Argillaceous slate, as a kind of stratified 

rock, its joint surface developed well and is easy to be softened by water. At present, engineers and 

technicians know little about the deformation and failure mechanism of the rock. In the process of 

tunnel excavation, it is easy to cause large deformation, collapse and other disasters and cause 

great losses, which brings some difficulties to the tunnel construction. Many scholars at home and 

abroad have carried out many theoretical and experimental researches on layered rock. The results 

obtained are helpful to further study the mechanical properties and deformation mechanism of 

layered rock mass. In the field of theoretical research, some scholars have studied the constitutive 

model and failure prediction of slate. Zuo Qingjun etc al[1] based on  the basic constitutive model in 

the existing Burgers creep, by introducing the water deterioration factor, established the visco 
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elastic plastic creep constitutive equation of argillaceous slate considering water absorption, and 

divided the argillite creep into attenuation, steady state and accelerated creep three stages. Huang 

Shuling et al. [2] proposed a model of hardening and softening of layered rock composite materials, 

and described the strength and deformation anisotropy and progressive fracture (or slip) 

characteristics of these rock masses. Zhang Yujun et al. [3] ,thought the method of searching and 

trial calculation combing the empirical expression of the shear strength of layered rock mass varying 

with the direction of rock layer with the Mohr Coulomb criterion is used to predict the shear failure 

surface and orientation of slate, which is more in line with reality. In the field of experimental 

research,Yang Chunhe et al[4], by electron microscopy, X ray diffraction and other tests on slates, 

explained microscopically the softening mechanism of slate in water. It is considered that with the 

increase of soaking time, the capillary force and the surface tension between the mineral particles 

of slate decrease, and the cohesive force of the slate decreases. Fall M [5] studied the influence of 

interstitial water pressure on the strength of shaly shale by simulating the gas injection test. By three 

axial compression test, Nguyen T S et al[6-9] established the argillite constitutive model, and 

revealed the relationship between mechanical parameters of slate such as peak strength and 

elastic modulus and confining pressure, moisture content and jointed relationship, proof the slate 

rock has anisotropic mechanical characteristics, and proved that the slate rock mass has 

anisotropic mechanical characteristics. In the slate rock tunnel stability, Lisjak A et al[10,11], by 

using the numerical analysis software, for the excavation of slate tunnel with different stratification 

plane directions, carried out numerical analysis, explained the characteristics of stratification plane 

direction effecting on the stability of the tunnel. Su Zhendao [12], in the deformation and stress 

analysis of the tunnel lining, based on the field test of the argillite tunnel, he recommended that the 

radial grouting behind the lining of the tunnel should be taken to reduce the pressure of the lining so 

as to enhance the stability of surrounding rock. Although there are many researches on the 

engineering properties of slate, however, there are few studies on the physical and mechanical 

characteristics of argillaceous slate, and the results both theoretically and experimentally are very 

limited. In this article, for a highway tunnel project in Zixi County of Jiangxi, the mineral composition 

analysis, water rational test and uniaxial compression test of argillaceous slate are carried out. 

Furthermore, the mechanism of softening of argillaceous slate with water and its mechanical 

anisotropy are revealed. The physical and mechanical properties of argillaceous slate are 

established, which provides reference for engineering decision-making. 

TEST OVERVIEW 

Test equipment and method 

The mineral composition analysis of argillaceous slate was carried out by D8ADVANCE X- 

ray diffractometer produced by Brook Company of Germany. The device can scan the sample at 

different angles and obtain the X ray diffraction pattern of different mineral components in the 

sample for analyzing the mineral composition of the sample. The scanning range of this experiment 

is 5°- 65°, and the scanning speed is 0.02 °/s. The water rational test of argillaceous slate includes 

water absorption test and expansion test and so on. The test equipment includes electronic scales, 

thermometer, drying box, vacuum pump etc. The specific test methods can refer to the "water 

conservancy and hydropower engineering rock test procedures” edited by the Yangtze River 

academy of Sciences [13], here is no longer described. The uniaxial compression test was carried 
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out by use of a RMT-150 compression test machine, as is shown in Figure 1. The device has the 

advantages of simple operation, convenient loading and deformation controlling, high measuring 

accuracy, long continuous operation time, stable working performance and strong protection 

function and other advantages. It is widely used in a single three axial compression test of rock 

materials. In the test, the axial load is controlled by controlling the axial displacement; the axial 

deformation rate of the preset specimen is 0.002mm/s; the upper limit of axial displacement is set. 

After the axial load is started, the axial load is maintained until the specimen axial deformation 

reaches its preset upper limit or until the yielding failure of the argillaceous slate samples occurs, 

then the test is stopped. During the whole compression test, the experimental data are recorded 

automatically by the test system, and the fracture features and the failure modes of the argillaceous 

slate are observed and recorded by manual observation. 

 

Fig. 1 - RMT-150 Compression Machine 

Specimen preparation 

The specimens used in the test are all argillaceous slates taken from the construction site of 

a highway tunnel in Zixi County of Jiangxi Province, as is shown in Figure 2. The weathering degree 

of argillaceous slate is different, and the degree of fracture development is different. In the field, a 

more complete block is selected. The maximum length of rock block is about 20cm. Because of the 

significant anisotropy of argillaceous slate, the drilling core sampling is respectively done in 

accordance with the stratification direction of vertical, 45°and parallel. The sample is a standard 

cylinder with a molding diameter of 50mm and a height of h of 100mm. In the process of specimen 

preparation, the roughness of the end face is controlled at about 0.005mm, and the axial direction is 

kept perpendicular to the radial direction. After the specimens were finished, selected the 

specimens with smooth surface, no obvious cracks and intact, studied the velocity of specimens 

using acoustic instrument to avoid the influence of the case of not dense or void in the test piece on 

the test result. Finally, covered with a layer of plastic wrap on the selected specimens and stored in 

the laboratory for test preparation. 
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 Fig. 2 - Weathered argillaceous slate 

 

EXPERIMENTAL RESULTS AND ANALYSIS 

Mineral composition and water rationality test 

Mineral composition analysis of argillaceous slate samples was carried out by using 

D8ADVANCE X- ray diffractometer, as shown in Figure 3. The mineral composition of argillaceous 

slate includes sericite, chlorite, quartz and a small amount of kaolinite and feldspar. The content of 

Sericite is the highest, which is 46.6%, which shows that it has the greatest influence on the 

engineering properties of argillaceous slate, followed by quartz and chlorite, and the content is 

about 20%. The analysis shows that the sericite intensity is low, and a loose and flaky structure, so 

that the argillaceous slate has the characteristics of water permeability, uneven and loose structure, 

which eventually leads that the strength of argillaceous slate becomes low and its stability becomes 

bad, and the properties of soft rock and schist are prominent. 

   

Fig.3 - Mineral composition of argillaceous slate  Fig.4 - The relationship between water 

absorption and time 

The water rationality of argillaceous slate includes water absorption characteristics, swelling 

characteristics and disintegration characteristics. Through the field sampling, according to the 

standard, a group of specimens were prepared in the laboratory, and the corresponding tests were 

carried out. The results of water absorption test were shown in Figure 4. The swelling test results 

were shown in Table1. 
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  Tab.1 - Test results of natural swelling of argillaceous slate 

The experimental results show that the water quantity of argillaceous slate under natural 

condition in the early immersion was proportional to the immersion time. In fourth days, with the 

growth of time, the natural water absorption rate showed a decreasing trend, and eventually 

stabilized, the water absorption rate remained at about 0.45%; the swelling deformation is affected 

by water and stratification plane structure, no matter the angle between the axial and stratification 

plane of the specimens are either 0°or 90°,the rate of expansion in the direction parallel to the 

stratification plane is always higher than that in the direction perpendicular to the stratification plane. 

The reason is that the contact area between clay minerals parallel to the stratification plane and 

water is larger, and it is easier to absorb water and expand. But water is difficult to enter the clay 

minerals between the stratification plane, and the expansion rate is smaller; in the expansion test of 

argillaceous slate, it is observed that the disintegration of argillaceous slate is related to the integrity 

and weathering degree of the sample. Relevant tests show that the higher the degree of 

fragmentation, the stronger the disintegration. In addition, under dry conditions, argillaceous slate is 

more likely to disintegrate and more rapidly disintegrate than in natural conditions. 

Uniaxial compression test 

Through the uniaxial compression test of argillaceous slate specimens under different stress 

and moisture content, the mechanical properties, such as deformation, strength and failure of 

argillaceous slate, are studied. 

Deformation characteristics 

Uniaxial compression specimens were divided into 3 groups: axial direction perpendicular to 

stratification plane direction, 45° degrees with stratification plane direction and parallel stratification 

plane direction. Each group is made of 2 specimens. The specimen size of the uniaxial 

compression test is shown in Table 2, and the stress-strain curve obtained in the test is shown in 

Figure 5.  

 

 

 

 

 

 

Specim

en 

number 

The angle between 

the  stratification plane and 

the axial direction 

Axial 

expansion 

value (mm) 

Radial 

expansion 

value (mm) 

Axial 

expansion 

ratio (%) 

Radial expansion 

ratio (%) 

1 90° 0.0025 0.0165 0.0035 0.0234 

2 90° 0.0009 0.0515 0.0013 0.0789 

3 0° 0.0635 0.0031 0.1387 0.0057 

4 0° 0.1578 0.0198 0.1231 0.0329 
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Tab.2 Specimen size of uniaxial compression test 

 

 

 

 

 

 

Note: the first number indicates the angle between the axis of the specimen and the stratification plane. The 

second numbers indicate the number of the specimen in the group. The following is the same as this. 

     

(a) The stratification plane is perpendicular to the axial direction of the specimen 

 (b)The angle between the stratification plane and the axial direction of the specimen is 45° 

 

(c) The stratification plane is parallel to the axial direction of the specimen 

Fig.5 - The stress-strain curves of argillaceous slate under uniaxial compression 

Figure 5 shows the stress-strain curves of the argillaceous slate under different working 

stress from the beginning of the loading to the stage of failure. It can be seen from the figure, the 

trend is quite similar, contains the specimen compression phase, elastic deformation and crack 

development stage and failure stage, but the magnitude of the peak reflects a different, the rate of 

Specimen number 0-1 0-2 45-1 45-2 90-1 90-2 

Specimen height (mm) 98.3 97.9 96.4 97.6 97.9 98.2 

Specimen diameter (mm) 48.7 49.3 49.7 46.1 47.4 47.2 

Height diameter ratio 2.02 1.99 1.94 2.11 2.06 2.08 
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deformation in each stage is obvious differences. The contrast analysis shows that: when the 

stratification plane perpendicular to the specimen axial, both the axial peak strain and lateral strain 

peak are at about 0.0015; while the stratification plane parallel to the specimen axial or 45°, the 

axial peak strain is greater 0.005 than lateral peak strain. It indicates that the strain has the 

characteristics of anisotropy significantly. In the compaction stage, nonlinear characteristics are 

exhibited, and the deformation rate is fast. The nonlinear characteristics are influenced by the 

fracture development of the argillaceous slate and the roughness of the end face of the specimen. 

The deformation of argillaceous slate develops from the elastic deformation stage to the fracture 

stage, showing the characteristics of elastic deformation, and the direct result of elastic deformation 

is the swelling deformation of its volume. In the failure stage of argillaceous slate specimens, axial 

deformation increases sharply and shows obvious brittle failure characteristics. 

Strength characteristics 

The uniaxial compression test results are shown in Table 3. It can be seen from the table that 

the uniaxial compressive strength of argillaceous slate is obviously affected by the dip angle of the 

stratification plane. When the argillaceous slate specimen axial is perpendicular to the rock 

stratification plane, the average value of the argillaceous slate compressive strength is 85.45MPa; it 

is the maximum value of the compressive strength of the test specimen into 3 groups. The failure 

mode is shear failure or splitting failure. When the angle between argillaceous slate specimen axial 

and the rock stratification plane is 45°, argillaceous slate compressive strength average value is 

60.58MPa, it is the minimum value of the compressive strength of the test specimen into 3 groups. 

The specimen is sheared along the rock stratification plane. When the argillaceous slate specimen 

axial is parallel to the rock stratification plane, the average value of compressive strength of the 

argillaceous slate specimen is 73.84MPa, the compressive strength value is between that of the two 

groups test specimen mentioned above and the specimen appears to be in shear failure mode. 

Through further tests, it can be seen that, with the increase of stratification plane angle from 0°to 

90°, the compressive strength and modulus of argillaceous slate changes similar to V type. The 

uniaxial compressive strength of argillaceous slate shows different characteristics of its mechanical 

properties in different directions, and it also shows that the rock is the most unfavorable state of 

force when the inclination of the stratification plane is close to 45°. 
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Tab.3 Results of uniaxial compression test 

 

Failure characteristics 

The essence of argillaceous slate specimens from the beginning load to the final fracture is 

that, under external force, the gradual evolution process of generation, propagation and 

coalescence of the internal cracks. That is to say, rock failure is a macroscopic reflection of the 

accumulation of rock microstructure deformation. Figure 6 is the state of the specimen when it is 

broken. 

 

Fig. 6 - Failure modes of rock specimen 

Through the observation of the failure state characteristics of argillaceous slate and other 

specimens in the test, the failure forms of argillaceous slate specimens can be simply divided into 

three types: Cracks are formed parallel to the axial direction when tensile failure occurs in the axial 

direction; comprehensive local shear and tensile failure modes simultaneously with lateral 

expansion phenomenon; the shear failure modes along the stratification plane. By analyzing the 

failure evolution process and failure modes of rock samples, the stress path in the course of rock 

force, as well as the influence of different loading factors on rock failure characteristics can be 

obtained. 

Numb

er 

Height 

(mm) 

diame

ter 

(mm) 

compressiv

e strength 

(MPa) 

averag

e value 

(MPa) 

elastic 

modulus 

(GPa) 

averag

e value 

(GPa) 

Poisso

n ratio 

failure modes and 

shear angles 

90-1 98.3 48.7 86.04 
85.45 

32.25 
33.22 

0.22 shear failure 

90-2 97.9 49.3 84.86 34.18 0.20 shear failure 

45-1 96.4 49.7 64.44 

60.58 

25.31 

25.00 

0.18 

A certain angle 

along the  

stratification plane 

45-2 97.6 46.1 56.71 24.68 0.19 

A certain angle 

along the  

stratification plane 

0-1 97.9 47.4 74.12 

73.84 

28.48 

26.82 

0.23 vertical failure 

0-2 98.2 47.2 73.56 25.15 0.25 vertical failure 
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Effect of water content on mechanical properties of argillaceous slate 

The forming method of uniaxial compression test of argillaceous slate sample with different 

water content is the same as that of front uniaxial compression test specimen. The specimens of 

argillaceous slate are perpendicular to the stratification plane direction. A total of 7 specimens are 

made to study the influence of water content on the mechanical properties of argillaceous slate. The 

soaking time of argillaceous slate samples is respectively 0d, 1d, 2d, 4d, 8d, 16d and 32d. Table 4 is 

the results of uniaxial compression test of argillaceous slate after soaking. Figure 7 shows the 

relationship between the uniaxial compressive strength and the length of immersion time of 

argillaceous slate specimens. 

Tab. 4 - Results of uniaxial compression test of argillaceous slate under different saturated 

time 

Specimen 

number 

Soaking 

time (d) 

Water 

content (%) 

elastic modulus 

(GPa) 

compressive 

strength (MPa) 
Poisson ratio 

1 0 0.136 31.46 76.32 0.21 

2 1 0.203 32.56 68.54 0..27 

3 2 0.236 30.64 62.25 0.31 

4 4 0.251 28.65 55.18 0.34 

5 8 0.262 34.16 53.31 0.36 

6 16 0.268 32.22 45.27 0.36 

7 32 0.270 30.65 41.26 0.37 

 

 

Fig. 7 - Relationship curves between strength and saturated time 

Table 4 and Figure 7 shows: with the increase of argillaceous slate soaking time, the uniaxial 

compressive strength of argillaceous slate shows obvious decreasing trend; the decreasing rate is 

first fast and then slow; the variation law of modulus is discrete, while the Poisson ratio of 

argillaceous slate shows a trend of slow increase. In the natural water content state, the uniaxial 
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compressive strength of argillaceous slate is 76.32MPa, and the uniaxial compressive strength is 

minimum when submerged 32d, and the value is 41.26MPa. The longer the soaking time of 

argillaceous slate, the more the uniaxial compressive strength decreases. In the 5 days before 

immersion, the decreasing rate of uniaxial compressive strength is fastest. Subsequently, the 

decreasing rate of its uniaxial compressive strength gradually slow down, and it was basically stable 

after 16d.The analysis shows that when argillaceous slate after immersion, due to physical and 

chemistry of water on the argillaceous slate, argillaceous slate itself and its inner friction angle 

decreases, the cohesion of clay decrease, which lead to argillaceous slate strength will produce 

large losses. With the increasing of soaking time of argillaceous slate specimens, the Poisson ratio 

shows a trend of slow increasing. It reflects the increasing ability of its lateral expansion 

deformation. 

CONCLUSIONS 

By testing on the mineral composition of argillaceous slate analysis, water rational 

characteristic and uniaxial compression, the microstructure of argillaceous slate, stress-strain 

characteristic and failure characteristics in different stratification plane and soaking time were 

studied. The conclusions are as follows: 

(1)   The argillaceous slate minerals used in the test are mainly sericite, followed by chlorite and 

quartz. Because the stability of sericite is poor, clay minerals are mixed between bedrock layers, it 

result obvious soft rock characteristics of argillaceous slate. Under the action of water, it is easy to 

expand, soften and even disintegrate. It has obvious water softening characteristics; 

(2)   The strength characteristics of argillaceous slate show the anisotropy with angle of the 

specimen axial direction and the stratification plane. In the original test scheme, the angle of the 

specimen axial direction and the stratification plane only 0º, 45 ºand 90 º, the test state is less. 

However, taking into account the continuity of rock mechanical properties, some basic conclusions 

can be obtained.It changes similar to the V type with the increase of angle. When the shale 

specimen is perpendicular to the rock stratification plane, its compressive strength is the largest, 

and the fracture mode of the specimen is shear failure or splitting failure; In the three set specimen, 

when the angle between the axial direction and the stratification plane of the argillaceous slate 

specimen is 45°,the compressive strength is the minimum, and the specimen appears shear failure 

along the stratification plane. When the argillaceous slate specimens are axially parallel to the 

stratification plane, the compressive strength is between that of the above-mentioned specimens, 

showing a shear failure. 

(3)   Because of the physical and chemical effects of water on argillaceous slate, the 

mechanical properties and deformation characteristics of shale are obviously changed. With the 

increase of soaking time, the friction angle of clay rock itself and its clay layer decreases and 

cohesive force decreases, and then the compressive strength shows obvious decrease trend. 

When the soaking time is more than 15 days, the compressive strength reduction is almost 

50%.With the increase of water content, the Poisson ratio of argillaceous slate samples shows a 

trend of slow increase, which indicates that the ability of lateral expansion deformation increases 

gradually under the influence of water. 
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ABSTRACT 

This paper sets out to explore the strength of the relationship between the proximity of a 
property to the city center and its price. Buyers are willing to pay extra for apartments or houses 
closer to the city center, but the extent of this willingness remains largely unexplored. Our research 
question is: How much does a minute of commuting time influence the price of an apartment in 
Prague? In other words, with every minute of commuting time, how much more is paid for a house 
or an apartment closer to the central business district (CBD)? 

Our analysis has found that on average, every minute of commuting time closer to the city 
center corresponds to an additional cost of CZK 43,390.45 for an average sized apartment in 
Prague. A regression analysis is graphically plotted in the Chart 1. We have also found that this 
relationship changes according to distance from the city center. For a commuting time of 1-20 
minutes to the city center, the price increase is the highest: CZK 259,466.18 per minute. However, 
this figure is only CZK 55,809.01 for the interval of 21-40 minutes, and CZK 33,924.29 per minute 
for the interval of 41-55 minutes. 

KEYWORDS  

 Property Prices, Proximity to the CBD, Cities, Prague 

INTRODUCTION 

Among the reasons that people and companies cluster together to form communities, towns 
and cities, economists most often mention economies of scale and agglomeration economies 
(Brueckner, 2011). The specialization of work and the scale of production result in more efficient 
and competitive production, and therefore lower prices. An automobile production company, for 
example, manufacturing 10 million cars per year is more efficient than a smaller company that 
produces only a few hundred. In fact, a town’s existence can be dependent on a small number of 
large companies located in them, or even on the existence of only one large company. A good 
example of this is Wolfsburg, Germany, hometown of Volkswagen. 

mailto:xlukm902@vse.cz
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Agglomeration economies are a more elusive concept and are related to the economies of 

scale in many respects. They derive their added value from companies in close proximity to each 

other. They are thus able to create wider range of production chains, and enjoy a larger pool of 

workers able to highly specialize (and be secure in their future employment prospects). A small 

town may be able to host a hospital with a few doctors, but their field of specialization will be 

significantly restricted by the size of the population. On other hand, doctors in large cities can be 

highly specialized,  you might find intestinal tract oncologists or brain surgeons there. Higher 

specialization results in a higher added value for these professions, a byproduct of being located in 

a large city (Brueckner, 2011). Technological clusters are another example of agglomeration 

economies – a pool of workers and companies are able to work more effectively at a larger scale. 

Put simply, frontier technological advancements are implemented faster when people and 

companies cluster in close proximity to each other. 

These observations led to the development of the Urban Model, originally developed by 

William Alonso in 1964. The Urban Model describes the relationship between the distance from the 

city center (or central business district – CBD), and the price of a property (or “land rent,” in the 

model’s terminology). The model explains decreasing property prices with increasing distance from 

the city CBD. Properties in city centers are, predictably, more expensive than their counterparts in 

city suburbs (Alonso, 1964).  

This relationship changes over time, as cities grow and/or become more or less congested. 

Larger cities reap more of the benefits of the economies of scale and agglomeration economies, 

and it can be observed that central locations in today’s megacities are comparatively more 

expensive than in cities of a smaller size. Central London, Manhattan and the center of Tokyo 

regularly lead in high property prices (Cushman & Wakefield, 2016). Moreover, higher differences 

in property prices between the CBD and the suburbs can be observed in cities with insufficient 

infrastructure and long commuting times.  

New technology has been envisioned to change this relationship between distance and 

property price. Extensive literature has been written about how ever cheaper transport and 

information flowing freely across borders will reshape the economy. An influential book by Frances 

Cairncross argues that proximity to other people, the main reason for the existence of highly 

concentrated cities, will lose its added value. The book envisions a much less concentrated 

economy where people are capable of living in a location of their choosing, working distantly, and 

communicating with ease with their colleagues around the world (Cairncross, 1997). 

To a certain degree, this future has arrived. A new class of digital nomads has formed 

largely around young entrepreneurs and office workers, who may work for companies based in 

London or San Francisco, yet are personally based in Thailand or Bali (or change locations a few 

times a year according to their preference) (The Economist, 2008).  

However, the phenomenon of being located in proximity to large offices has not yet come to 

an end. On the contrary, it seems to matter more than ever. Production has spread its supply 

chains around the world, but the office environment has not (Glaeser, 2011). Many international 

companies have established numerous local offices in many countries, but paradoxically, this was 

done to serve the local markets closely. Therefore, even in this case location still plays a significant 

role. It follows, then, that people are willing to pay ever higher price to be closer to each other 

(Avent, 2016). Agglomeration economies seem to play an ever-increasing role in the formation of 

the cities.  
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Aim of this paper is to explore the strength of the relationship between proximity and price. 

For all of the reasons mentioned above, people are willing to pay extra money for apartments or 

houses closer to the city center, but the extent of this willingness is often unexplored. The research 

question at hand is: How much does a minute of commuting time influence the price of an 

apartment in Prague? In other words, with every minute of commuting time, how much more is 

paid for a house or an apartment closer to the central business district (CBD)? Similar research 

was conducted by Carl Bialik (2016) into the case of New York City, but based solely on asking 

prices and without the theoretical underpinnings of the Urban Model. This paper conducts an 

analysis of the relationship between distance and property price with a wider theoretical foundation 

and with a data set of property prices adjusted to real transaction level. 

METHODOLOGY 

For this analysis,  a data set of apartment asking prices has been collected. A data mining 
tool ParseHub was used to collect the asking prices from the biggest Czech real estate listing 
website, Sreality.cz. During a data mining session on 13th November 2016, 2542 property prices 
were collected, together with the size of the property and location (street name, land registry 
districts, city district), and number of rooms. After removing duplicate entries and those with 
missing information, the data set included 2038 unique properties for sale at the time (Sreality.cz, 
2016). 

This data set is sufficiently large and the properties listed are distributed across Prague 
land registry areas (95 out of 112 land registry areas included at least one listing), so an average 
property asking prices per square meter in each district has been calculated. Because asking 
prices deviate from real transaction costs, we then corrected them using average transaction costs, 
available at the city district level (Deloitte, 2016). As real transaction costs are published only at the 
city district level (Prague 1-10), the option of using only available transaction prices was not 
possible, as the analysis would be influenced by the districts’ excessive size.  

Instead, listed asking prices available at the land registry area were adjusted according to 
the real transaction prices. This combination of two resources of property prices gives us a data set 
reasonably close to the real transaction prices while maintaining the variety present among city 
neighborhoods.  

The CBD was set at Můstek metro station, a commuting hub with the highest number of 
commuters in Prague (DPP, 2008). Commuting times were collected from Google Maps between 8 
and 9am on Monday, 14th of November 2016, purposely chosen at the height of the commuting 
rush.  

The relation between property prices and commuting time is examined based on the Alonso 
Urban model, which states that: 

 r = y – td, (1) 

where r represents rent form land, y signifies income, t the cost of traveling per unit of 
distance, and d distance. For simplicity, the urban model assumes all city inhabitants have the 
same income y, so the rent decreases with increasing distance from the CBD (Alonso, 1964).  

I here conduct a similar analysis, but instead of rent r, I am going to find the relationship 
between property price p and distance, for our purposes measured in minutes of commuting time.  

This examination is based on a regression analysis. In the first step, we found a simple 
linear regression in the following format: 

 p = a – bt,  (2) 
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where p is the property price per meter square, t is commuting time in minutes, a 
represents the price at commuting time zero, and b represents the slope of the regression and our 
research objective – the property price per square meter, increased per minute of commuting time. 
We can state that: 

 pt = bsaverage (3) 

By multiplying the stope b by the average size of an apartment in Prague at the time of the 
analysis saverage, we receive an average cost of property price increase equivalent to one minute 
closer to the CBD, pt.  

While the linear regression offers simple and telling information for our problem, it is not 
without drawbacks. Our rigorous analysis of the residuals has pointed to systematic errors these 
residuals display when simple linear regression is applied. This is a serious flaw in the analysis. 
For this reason, we have conducted a regression analysis of higher orders and along other 
mathematical functions, in order to find out that the systematic error disappears from the analysis 
when a logarithmic regression is used in combination with other so far excluded factors, such as 
existence of large part (of a minimum size of 80ha), which is included linearly as a dummy variable. 
This confirmed that the logarithmic regression analysis is the most suitable for our problem at 
hand, even though it lacks the simplicity of a simple linear regression.  

We can adjust our regression formula to:  

 p=a – b log(t) + c dummy (green), (4) 

where p is the property price per meter square, t is the commuting time in minutes, dummy 
(green) is a dummy variable representing a proximity of a large park, a represents the price at 
commuting time zero, b is the constant representing the slope of the logarithmic regression and c 
is the constant representing the slope associated with the proximity of a large park.  

Our research objective – to determine the relationship between property price and 
commuting time – is more complicated when using a logarithmic regression, as the slope changes 
with the distance from the CBD. 

ANALYSIS  

The dataset of average asking property prices per meter square at the land registry level, 
real transaction prices at the city district level, and property prices per land registry level adjusted 
for the difference between asking and real prices, are included in Appendix 1. The same appendix 
also includes commuting times from each land registry area to the CDB.  

A simple linear regression analysis was conducted after removing 4 outliners with a 
standardized residual higher than 3, as per Appendix 2. The result is the following relationship:   

 p = 74287-646.36t 

R² = 0.3998 

This relationship is plotted in the Figure 1. 

 

 

 

 

 

Fig. 1 – Linear Regression chart 
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The slope in this equation, -646,36t is equivalent to the price per square meter decrease 
associated with one extra minute of commuting time to the CBD. Substituting in the formula (3), t 
with an average flat size in Prague of 67.13 square meters (Cenová Mapa, 2016), we find: 

 pt = - CZK 646.36 * 67.12 =- CZK 43,390.45 

In conclusion, one extra minute of commuting time saves CZK 43,390.45 of the price of an 
average apartment in Prague.  

As stated above, linear regression has a number of drawbacks. The high systematic error in 
the residuals resulted in the need to remove of 4 outliners, especially in the areas close to the 
CBD. This is apparent from the coefficient a, which in this analysis is only CZK 74,287, and does 
not truly represent the mean property price per meter square in the CBD. The systematic error in 
regression residuals has also resulted in a comparatively smaller value of R2. 

A logarithmic regression with a linear inclusion of a proximity of a larger park (minimum size 
of 80ha) was conducted, as per Appendix 3, and I have found the following relationship:  

 y = -59416log(t) + 3635green + 149055 

R² = 0.8251  

This relationship is graphically illustrated in the Figure 2. The l-shaped curve of the plotted 
relationship signifies a very steep slope in the proximity of the CBD, which is gentler with 
increasing distance from the city center.  
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Fig. 2 – Logarithmic regression chart 

 

 

To simplify our interpretation of this relationship, we can split the distance between the city 
districts and the CBD according to commuting time into 3 intervals (1-20, 21-40 and 41-55 minutes 
from the CBD, with 55 minutes being the longest commuting time for any of the land registry 
areas). We can then calculate linear increases in price.  

Interval 1-20 minutes of commuting time: slope CZK 3,865.13 

Interval 21-40 minutes: slope CZK 831.36 

Interval 41-55 minutes: slope CZK 505.35 

 

Substituting in formula (3), we find that with an average flat size in Prague of 67.13 square 
meters (Cenová Mapa, 2016).  

Interval 1-20 minutes of commuting time: CZK 259,466.18 per minute of commuting time  

Interval 21-40 minutes: CZK 55,809.01 per minute of commuting time  

Interval 41-55 minutes: CZK 33,924.29 per minute of commuting time  

 The proximity of a large park increases the price per meter square by CZK 3,635.26. 
This increase translated to CZK 244,034.71 for an average apartment in Prague. 
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CONCLUSION 

Our analysis has found that on average, every minute of commuting time closer to the city 
center corresponds with an additional cost of CZK 43,390.45 for an average-sized apartment in 
Prague. A regression analysis is graphically plotted in the Chart 1. We have also found that this 
relationship changes with the distance from the city center. For a commuting time of 1-20 minutes 
to the city center, the price increase is the highest: CZK 259,466.18 per minute. However, this cost 
drops to CZK 55,809.01 for the interval of 21-40 minutes, and CZK 33,924.29 per minute for the 
interval of 41-55 minutes from the central business district. 

The proximity of a large park increases the price per meter square by CZK 3,635.26. This 
increase translates to CZK 244,034.71 for an average apartment in Prague. 
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APPENDICES 

 
Appendix 1 – Dataset 

 

City district (land 

registry) 

Average of Price 

per m2 

Deloitte real 

transaction 

index (q2 2016) 

Distance 

to CBD 

Distance 

Log 
Greenery Price adjusted 

Praha 1 CZK 131,868.96 CZK 107,300.00       CZK 107,300.00 

Josefov CZK 185,272.13 

 

3 0.477121 0 CZK 150,753.44 

MaláStrana CZK 141,291.69 

 

14 1.146128 1 CZK 114,967.15 

NovéMěsto CZK 113,167.57 

 

6 0.778151 0 CZK 92,082.93 

StaréMěsto CZK 166,042.84 

 

1 0 0 CZK 135,106.83 

Praha 10 CZK 65,992.91 CZK 56,600.00       CZK 56,600.00 

DolníMěcholupy CZK 54,008.01 

 

33 1.518514 0 CZK 46,320.94 

Dubeč CZK 55,924.80 

 

40 1.60206 1 CZK 47,964.90 

HorníMěcholupy CZK 58,729.61 

 

38 1.579784 1 CZK 50,370.50 

Hostivař CZK 62,918.18 

 

34 1.531479 1 CZK 53,962.90 

Kolovraty CZK 37,107.44 

 

55 1.740363 0 CZK 31,825.86 

Malešice CZK 56,493.55 

 

26 1.414973 0 CZK 48,452.71 

Michle CZK 52,885.17 

 

26 1.414973 0 CZK 45,357.91 

Petrovice CZK 49,238.98 

 

41 1.612784 1 CZK 42,230.69 

Pitkovice CZK 61,039.40 

 

42 1.623249 1 CZK 52,351.53 

Štěrboholy CZK 61,639.34 

 

41 1.612784 1 CZK 52,866.09 

Strašnice CZK 63,703.16 

 

22 1.342423 0 CZK 54,636.16 

Uhříněves CZK 59,599.77 

 

43 1.633468 1 CZK 51,116.81 

Vinohrady CZK 104,068.66 

 

10 1 0 CZK 89,256.35 

Vršovice CZK 74,091.99 

 

23 1.361728 0 CZK 63,546.32 

Záběhlice CZK 63,466.15 

 

30 1.477121 1 CZK 54,432.88 

Praha 2 CZK 104,614.54 CZK 69,300.00       CZK 69,300.00 

NovéMěsto CZK 103,159.91 

 

8 0.90309 0 CZK 68,336.40 

Nusle CZK 71,305.56 

 

27 1.431364 0 CZK 47,235.07 

Vinohrady CZK 106,653.26 

 

10 1 0 CZK 70,650.51 

Vyšehrad CZK 85,000.00   17 1.230449 0 CZK 56,306.70 

Praha 3 CZK 81,338.40 CZK 64,300.00       CZK 64,300.00 

Strašnice CZK 64,382.80 

 

22 1.342423 0 CZK 50,896.18 

Vinohrady CZK 88,752.38 

 

10 1 0 CZK 70,160.93 

Vysočany CZK 63,220.79 

 

16 1.20412 0 CZK 49,977.59 

Žižkov CZK 81,316.08 

 

18 1.255273 0 CZK 64,282.36 

 

City district (land 

registry) 

Average of 

Price per m2 

Deloitte real 

transaction 

index (q2 

2016) 

Distance 

to CBD 

Distance 

Log Greenery Price adjusted 

Praha 4 CZK 63,766.16 CZK 53,900.00       CZK 53,900.00 

Braník CZK 74,668.33 

 

26 1.414973 0 CZK 63,115.34 
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Chodov CZK 54,819.80 

 

37 1.568202 1 CZK 46,337.86 

Cholupice CZK 56,567.16 

 

43 1.633468 1 CZK 47,814.86 

Háje CZK 54,236.14 

 

27 1.431364 1 CZK 45,844.50 

Hodkovičky CZK 65,489.59 

 

35 1.544068 0 CZK 55,356.77 

Kamýk CZK 57,133.93 

 

40 1.60206 0 CZK 48,293.93 

Komořany CZK 65,674.16 

 

35 1.544068 1 CZK 55,512.78 

Krč CZK 62,087.37 

 

24 1.380211 0 CZK 52,480.95 

Kunratice CZK 63,693.21 

 

38 1.579784 1 CZK 53,838.33 

Lhotka CZK 49,409.89 

 

38 1.579784 0 CZK 41,764.99 

Libuš CZK 72,411.50 

 

38 1.579784 1 CZK 61,207.70 

Michle CZK 62,515.12 

 

26 1.414973 0 CZK 52,842.53 

Modřany CZK 62,492.11 

 

33 1.518514 1 CZK 52,823.07 

Nusle CZK 69,253.74 

 

27 1.431364 0 CZK 58,538.52 

Písnice CZK 59,601.97 

 

42 1.623249 1 CZK 50,380.11 

Podolí CZK 88,843.09 

 

19 1.278754 0 CZK 75,096.92 

Šeberov CZK 49,598.43 

 

37 1.568202 0 CZK 41,924.35 

ÚjezduPrůhonic CZK 56,870.03 

 

45 1.653213 0 CZK 48,070.87 

Záběhlice CZK 60,171.06 

 

30 1.477121 0 CZK 50,861.15 

Praha 5 CZK 73,648.71 CZK 64,400.00       CZK 64,400.00 

Břevnov CZK 85,018.83 

 

23 1.361728 1 CZK 74,342.28 

Hlubočepy CZK 67,872.32 

 

25 1.39794 1 CZK 59,349.00 

Jinonice CZK 70,292.26 

 

20 1.30103 1 CZK 61,465.05 

Košíře CZK 74,368.64 

 

24 1.380211 1 CZK 65,029.52 

MaláStrana CZK 138,775.61 

 

14 1.146128 1 CZK 121,348.34 

Motol CZK 50,633.21 

 

27 1.431364 1 CZK 44,274.76 

Radlice CZK 74,714.21 

 

18 1.255273 1 CZK 65,331.69 

Radotín CZK 53,944.16 

 

37 1.568202 1 CZK 47,169.92 

Řeporyje CZK 51,489.82 

 

32 1.50515 1 CZK 45,023.79 

Slivenec CZK 84,016.43 

 

44 1.643453 1 CZK 73,465.76 

Smíchov CZK 92,079.13 

 

6 0.778151 0 CZK 80,515.95 

Stodůlky CZK 62,622.27 

 

27 1.431364 1 CZK 54,758.25 

VelkáChuchle CZK 71,493.12 

 

27 1.431364 1 CZK 62,515.10 

Zbraslav CZK 56,435.50 

 

26 1.414973 1 CZK 49,348.40 

Zličín CZK 62,907.23 

 

34 1.531479 0 CZK 55,007.42 
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City district (land 

registry) 

Average of Price 

per m2 

Deloitte real 

transaction 

index (q2 2016) 

Distance 

to CBD 

Distance 

Log Greenery Price adjusted 

Praha 6 CZK 74,379.23 CZK 64,300.00       CZK 64,300.00 

Břevnov CZK 72,739.11 

 

23 1.361728 1 CZK 62,882.13 

Bubeneč CZK 86,704.77 

 

16 1.20412 1 CZK 74,955.28 

Dejvice CZK 81,656.46 

 

11 1.041393 1 CZK 70,591.07 

Hradčany CZK 70,776.12 

 

10 1 0 CZK 61,185.15 

Liboc CZK 93,500.15 

 

28 1.447158 1 CZK 80,829.82 

PředníKopanina CZK 57,600.97 

 

33 1.518514 1 CZK 49,795.38 

Řepy CZK 53,694.38 

 

40 1.60206 0 CZK 46,418.18 

Ruzyně CZK 61,922.65 

 

28 1.447158 1 CZK 53,531.42 

Střešovice CZK 82,201.39 

 

24 1.380211 0 CZK 71,062.17 

Suchdol CZK 56,209.44 

 

27 1.431364 1 CZK 48,592.42 

Veleslavín CZK 65,670.20 

 

17 1.230449 1 CZK 56,771.14 

Vokovice CZK 65,038.91 

 

20 1.30103 1 CZK 56,225.39 

Praha 7 CZK 80,420.02 CZK 68,300.00       CZK 68,300.00 

Bubeneč CZK 95,119.53 

 

16 1.20412 1 CZK 80,784.17 

Holešovice CZK 77,367.50 

 

18 1.255273 0 CZK 65,707.52 

Libeň CZK 57,777.78 

 

14 1.146128 0 CZK 49,070.15 

Praha 8 CZK 74,179.98 CZK 58,700.00       CZK 58,700.00 

Bohnice CZK 58,970.70 

 

35 1.544068 1 CZK 46,664.62 

Čimice CZK 53,269.85 

 

32 1.50515 1 CZK 42,153.43 

Ďáblice CZK 63,900.72 

 

35 1.544068 1 CZK 50,565.83 

DolníChabry CZK 69,209.19 

 

34 1.531479 1 CZK 54,766.53 

Karlín CZK 91,483.95 

 

9 0.954243 0 CZK 72,392.96 

Kobylisy CZK 54,299.67 

 

29 1.462398 1 CZK 42,968.34 

Libeň CZK 76,425.42 

 

14 1.146128 0 CZK 60,476.86 

Střížkov CZK 55,842.70 

 

32 1.50515 0 CZK 44,189.37 

Troja CZK 60,027.55 

 

32 1.50515 1 CZK 47,500.92 
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City district (land 

registry) 

Average of 

Price per m2 

Deloitte real 

transaction index 

(q2 2016) 

Distance 

to CBD 

Distance 

Log Greenery Price adjusted 

Praha 9 CZK 60,765.89 CZK 52,500.00       CZK 52,500.00 

Běchovice CZK 62,519.69 

 

43 1.633468 1 CZK 54,015.23 

Čakovice CZK 55,707.54 

 

45 1.653213 0 CZK 48,129.73 

ČernýMost CZK 48,879.22 

 

26 1.414973 0 CZK 42,230.25 

DolníPočernice CZK 78,246.38 

 

42 1.623249 1 CZK 67,602.65 

Hloubětín CZK 62,904.84 

 

18 1.255273 0 CZK 54,348.00 

HorníPočernice CZK 59,433.31 

 

34 1.531479 0 CZK 51,348.69 

Hrdlořezy CZK 77,718.09 

 

32 1.50515 0 CZK 67,146.22 

Kbely CZK 51,645.59 

 

39 1.591065 0 CZK 44,620.32 

Klánovice CZK 45,431.47 

 

49 1.690196 1 CZK 39,251.50 

Kyje CZK 65,070.15 

 

35 1.544068 0 CZK 56,218.76 

Letňany CZK 58,932.74 

 

36 1.556303 0 CZK 50,916.21 

Libeň CZK 67,237.80 

 

14 1.146128 0 CZK 58,091.55 

Miškovice CZK 57,351.42 

 

48 1.681241 0 CZK 49,550.00 

Prosek CZK 63,859.95 

 

24 1.380211 0 CZK 55,173.18 

Satalice CZK 55,789.47 

 

36 1.556303 0 CZK 48,200.52 

Střížkov CZK 62,556.95 

 

32 1.50515 0 CZK 54,047.42 

ÚjezdnadLesy CZK 52,292.40 

 

49 1.690196 1 CZK 45,179.14 

Vinoř CZK 45,237.17 

 

40 1.60206 0 CZK 39,083.63 

Vysočany CZK 64,396.51   16 1.20412 0 CZK 55,636.75 
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Appendix 2 – linear regression 

 

Regression Statistics 

       Multiple R 0.632292955 

       R Square 0.39979438 

       Adjusted R Square 0.393669833 

       Standard Error 8761.535175 

       Observations 100 

       

         ANOVA 

        

  df SS MS F 

Significance 

F 

   Regression 1 5010985216 5010985216 65.2773783 1.71675E-12 

   Residual 98 7522920864 76764498.61 

     Total 99 12533906080       

   

           Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0% 

Intercept 74286.62731 2467.240975 30.10919001 2.51321E-51 69390.46789 79182.78673 69390.46789 79182.78673 

Distance to CBD -646.364576 80.00114358 -8.079441707 1.71675E-12 -805.1242418 -487.6049103 -805.1242418 -487.6049103 
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Appendix 3 – Logarithmic regression with a dummy variable 

         Regression Statistics 

       Multiple R 0.825182264 

       R Square 0.680925769 

       Adjusted R Square 0.67441405 

       Standard Error 9930.802848 

       Observations 101 

       

         ANOVA 

          df SS MS F Significance F 

   Regression 2 20625421579 10312710790 104.5692801 4.90563E-25 

   Residual 98 9664842831 98620845.21 

     Total 100 30290264410       

   

           Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0% 

Intercept 149054.7708 5739.22573 25.97123337 9.93033E-46 137665.4642 160444.0775 137665.4642 160444.0775 

Distance Log -59416.46516 4178.618097 -14.21916619 1.46892E-25 -67708.79678 -51124.13355 -67708.79678 -51124.13355 

Greenery 3635.255696 2074.375381 1.752457983 0.082822719 -481.2747368 7751.786129 -481.2747368 7751.786129 

 


