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ABSTRACT 

The term of a historic plaster or surface coating, respectively, denotes a layer or a 
multilayer of materials firmly bonded to the substrate, whose structural and technical condition 
significantly affects not only the aesthetic effect, but mainly the service life of this surfacing. Due to 
the permanent exposure of plaster surfaces to the external environment (in the exterior as well as 
the interior), they belong to the group of the most exposed parts of historic and heritage buildings, 
often exhibiting a high degree of degradation and disintegration. The consolidation and 
rehabilitation of plasters with, among other things, a degraded binder component, damaged 
structure and insufficient adhesion of individual layers to each other and to the masonry substrate 
is a challenging task in the restoration of historic buildings. The paper presents the alternative of 
strengthening degraded surface layers by means of nanomaterials based on calcium hydroxide 
applied by the surface penetration method. 
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INTRODUCTION 

The most common defects and failures of plasters are characterized mainly by changes in 
their structure, by overall disintegration, reduced cohesion of surface layers and their spalling from 
the substrate, the formation of bumps, occurrence of cracks and a change, or a loss of the colour 
of surface coatings. In the final phase of degradation, the plaster no longer fulfils its function and 
falls off. Depending on the manifestations of degradation, a suitable rehabilitation method can be 
chosen to observe the heritage conservation requirements, particularly in terms of preserving the 
value of the heritage building and its surface coating. The basic objective of the consolidation of 
surface coatings is the improvement of the mechanical properties of materials, strengthening of 
subsurface and surface layers and their return to a state close to the original properties of the 
treated material. Achieving this goal is one of the most challenging tasks in the restoration of 
historical heritage [1]. The principle of plaster renewal is based on adding the weathered and 
degraded binder to the structure of the treated material, or attaching the separated parts to the 
substrate (or to each other) and filling in the missing parts (cracks, cavities, etc.). The essential 
part of this process is, in particular, structural reinforcement, which is achieved with the help of 
appropriately selected consolidating agents based on the analysis of the treated material and the 
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causes of its poor structural and technical condition. The role of the consolidating agent is to 
stabilize the damaged plaster system or replace the “leached” original binder material, ideally with 
a material of identical properties [2].                                          

The improvement of adhesion between the surface coating and masonry, the strengthening 
of surface and subsurface layers, i.e. surface grouting, is currently most often performed by 
repeated impregnation (spraying, painting), by methods based on the capillary activity (wetting, 
sprinkling, capillary elevation) or microinjection of damaged parts [3] . In most cases, it is advisable 
to combine individual consolidation methods with each other to achieve the best results possible 
(e.g. microinjection and spraying, etc.). Among the commonly used consolidating agents, there are, 
above all, inorganic materials (silicic acid esters, aqueous SiO2 dispersions). Their use is limited 
by the moisture content in the plaster (in the case of organosilicon esters), or salts (in the case of a 
colloidal silica solution) [4]. In the last decades, the number of lime water applications, in particular, 
has increased, which, however, is associated with a series of problems [5]. In the case of using 
lime water, which has only a low lime component content in the injected agent (CaCO3 solubility in 
water is ca 1.6 g/l at a water temperature of 20°C), the application must be repeated in tens of 
cycles (120 to 180 cycles), which results in a significant long-term wetting of the structure and the 
activation of salts in the reinforced substrate. 

In the last 20 years, the possibilities of using disperse and colloidal systems of not only 
organic consolidants, but also mineral systems with particle sizes in the nanoscale have been 
verified in the cultural heritage conservation. The use of nanomaterials with particle sizes of up to 
1µm, whose properties are somewhere at the intersection between the properties at the level of 
molecules and matter [10, 11], is the subject of extensive scientific research due to their positive 
physical and mechanical properties such as high chemical performance, excellent plastic, 
consolidation and diffusion properties, cleaning capabilities and more. The tested nanomaterials 
mainly include nanodispersions based on hydroxides, carbonates, or sulphates [12, 13, 14].  

In the case of hydroxide-based nanodispersions, there are products commercially available 
of mostly German and Italian origin (e.g. CaLoSiL®, or NanoRestore®) or SiO2-based colloids 
(e.g. Syton X30, Tosil).  

The lime nanosuspension is composed of calcium hydroxide nanoparticles dispersed in an 
alcoholic medium, where individual sorts differ from each other in concentrations and the type of 
alcohol. The curing of this material results, in a simplified way, in carbonation where calcium 
hydroxide reacts with atmospheric carbon dioxide to produce calcium carbonate, like in fresh 
plaster [15]. Due to the deposition of calcium carbonate in the degraded material, the bonds are re-
strengthened and the material reinforced.  

Nanosuspensions can be diluted to a concentration of 5 to 50 g/litre, where the alcohol will 
evaporate completely after the application. The degree of penetration is significantly affected by 
the particle size, where in the case of lime nanodispersions we can achieve penetration rates to 
such depths where common lime suspensions (prepared from slaked lime) do not penetrate, 
thanks to the low particle size with a large specific surface area [16, 17]. The penetration depth can 
be affected either by adding a small amount of other solvents such as acetone or pentane, or by 
choosing a suitable application technique. The positive properties of these materials include 
excellent water vapour permeability, the absence of chemical changes or shiny effects and the 
absence of the formation of surface hydrophilic films.  

 

MATERIALS AND METHODS 

The strengthening and stabilization method of historic plasters by overall surface pressure 
grouting (penetration) and wetting is based on an additional mechanical supply of Ca2+-based 
nanomaterials to the structure of materials and the activation of unreacted Ca2+-based substances 
contained in the structure of grouted materials, which increases their strength, cohesion or 
adhesion to the substrate. 
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 Before performing the overall surface pressure grouting (penetration) and wetting of 
historic plasters, the edges of cracks or cavity walls must be cleaned of dirt, dust, oils, grease and 
other particles that reduce adhesion, and then they must be filled with adequate lime mortar and 
levelled on the surface.  

In overall surface pressure grouting, the grouting solution is “pushed” into the pore 
(injectable) plaster system (surface coating) so that the required gradual saturation of the pores of 
the respective layers occurs. The main advantage of this method is its high efficiency and 
uniformity in terms of strengthening the plaster and increasing its adhesion to the substrate.  

During wetting (mechanical application), the grouting solution penetrates through the 
capillary phenomena into the pore system and thus into the plaster structure. The grout 
propagation speed and the penetration depth depend on the grout properties, the number of 
wetting repetitions, the type of pore system [18, 19], but also on the moisture and salt content in 
the grouted material. 

 

Grouting mixtures and agents for the wetting and surface penetration method   

The choice of consolidating agents must fully respect the requirements for application to 
historic or heritage masonry and its surface coating. For overall surface pressure grouting 
(penetration) and wetting, calcium hydroxide-based grouting agents were prepared, which have a 
high penetration and distribution (uniform) ability, material and chemical compatibility and adequate 
consolidation ability (to avoid local over-reinforcement of the treated substrate compared to 
untreated material - the strength of the treated material should not increase by more than 10 - 
20%).  

The grouting agents based on calcium hydroxide nanoparticles were developed within the 
NAKI II DG16P02M055 research project in the researchers’ workplace cooperation with the Centre 
of Polymer Systems (Tomas Bata University in Zlin): 

 

 Ca4O (V5) The test portion of calcium oxide CaO was dispersed in ethanol and distilled water 

was added. The reaction was complete after 4 hours. The suspension was successively made 

up to a volume of 2 litres. The Ca(OH)2 concentration was Ca 7 g/l. The prepared 

nanosuspension contains a lot of sliced hexagonal Ca(OH)2 crystals with a different size 

distribution. According to DLS, 2 peaks are visible – one with a maximum of 4813 nm, which is 

probably caused by large agglomerates of Ca(OH)2 particles, and then the peak with a 

maximum of 1667 nm, which, in our case, corresponds to the size of (separated) Ca(OH)2 

particles in the solution. Consolidation, sealing of concrete and brick, stone and mixed masonry 

(Figure 1a); 

 

 CaMg1 (V7) Test portions of Ca(OAc)2.H2O and Mg(OAc)2.4H2O were mixed and dispersed in 

isopropyl alcohol. Water was added to the suspension and precursors were dissolved. The 

NaOH (28.0 g in 700 ml H2O) solution was added to the solution of Ca and Mg precursors and 

a white suspension was formed. The reaction was left in the mg mixer for 24 hours and then the 

white hydroxide precipitate was separated by centrifugation and washed with a mixture of water 

and isopropyl alcohol. After washing, the product was centrifuged and dispersed in 2 l of 

isopropyl alcohol. The resulting Ca(OH)2+Mg(OH)2 concentration is ca 7 g/l. Elemental (EDX) 

analysis confirmed the content of magnesium (8.5 wt%), calcium (37.8 wt%) and oxygen (48.4 

wt%). Consolidation, sealing of concrete and brick, stone and mixed masonry (Figure 1b); 

 

 CaMg2 (V8) Test portions of Ca and Mg were dispersed in iPrOH and water was added. The 

reaction was complete after 6 hours. The suspension was made up to a volume of 2 litres (by 

adding 0.5 l of iPrOH). The Ca(OH)2+Mg(OH)2 concentration is 6 g/l. Elemental (EDX) analysis 
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confirmed the content of magnesium (7.3 wt%), calcium (43.4 wt%) and oxygen (44.5 wt%) 

(Figure 1c); 

 

 Ca4O-Si (V9) The test portion of CaO was dispersed in EtOH and water was added.  Then, 

APTES (aminopropyltriethoxy silane) was added. The suspension thickened and EtOH was 

added. The total volume of the suspension is thus 2.8 litres, and the Ca(OH)2 concentration is 

approximately 5 g/l. According to DLS, 2 peaks are visible - the first, more intense peak with a 

maximum of 792 nm can be assigned to Ca(OH)2 particles. The peak with a maximum of 184 

nm corresponds to alkoxysilane or silica structures formed after the addition of APTES to the 

reaction mixture. Elemental (EDX) analysis confirmed the content of silicon (11.5 wt%), calcium 

(39.3 wt%) and oxygen (33.7 wt%) (Figure 1d). 

 

 

Fig. 1 - Ca(OH)2 particle size in nanolime suspensions was measured by the dynamic light 
scattering (DLS) method. The Malvern Zetasizer ZS device was used for the measurement: a) 

CaMg1; b) CaMg1; c) CaMg2; d) Ca4O-Si. 

 
Verification of consolidation of historic plasters   

The verification of injectability and selection of a suitable grouting mixture are based on 

experimental studies performed during the project research in 2018 and 2019, which included the 

verification of grouting technologies of historic masonry and its surface coating, masonry elements 

and binders with similar or different pore systems for selected materials (Figure 2). 

Verification of consolidation of historic plasters by the wetting and surface penetration method 
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The technological principle was verified by consolidation tests of historic plasters reinforced by 

overall surface pressure grouting - penetration and wetting, performed in-situ on historic lime, 

partially degraded plasters [20]. Prior to grouting, degraded plaster specimens were sampled and 

laboratory moisture and porosimetry measurements performed. 

The grouts were (a) repeatedly uniformly pushed into historic plasters using a highly absorbent 

and compressible material applied with a gradually increasing compressive force induced by the 

front plate; (b) repeatedly applied with a brush (wetting method), (Figure 3). 

In the case of both methods, the consolidating agent was applied in 3 to 5 cycles with a 

comparable resulting volume during the experimental verification. In both cases, the grout was 

applied in such a way to avoid its surface run-off (or minimize the run-off). Each subsequent 

application cycle was performed before the previously applied grout was completely dry.  

 

 

Fig. 2 - Comparison of pore radii in plaster (distribution and integral curves) and particle sizes of 
grouting agents based on nanolime (legend: plaster 1:1 and 1:3 – slaked lime-sand mixing ratio) 
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Fig. - 3 Documentation of a degraded historic plaster used for the verification of the degree of 
consolidation by means of prepared nanomaterials: a) selected points for consolidation and 

sampling; b) consolidation of plasters by wetting, c) structure with consolidated surfaces 

Scotch Tape tear-off test  

To verify the effectiveness of the consolidating agent or the consolidation method used, in-situ 

"Scotch Tape tests" were conducted [21, 22]. The tear-off test was performed on the surface of 

plasters (i.e. individual tested fields) before and after grouting. As part of the laboratory verification, 

the total porosity, distribution and integral curves describing the pore system were identified after 

the consolidation of plasters.  

The in-situ measurement of the cohesion of surface and shallow subsurface layers (lime 

plaster on mixed masonry) was performed after 28 days of maturing. The sampling procedure for 

the Scotch Tape tear-off test was as follows: a marked adhesive tape 20 mm wide with a high 

adhesion capacity and softness was pressed against the tested surface and after approximately 60 

seconds it was peeled off perpendicular to the surface and successively put in the transport case 

(Figure 4). The sampling from each spot was repeated 10 times to reduce the degree of bias in the 

results due to uneven material moisture contents, weathering, surface roughness and the 

application method used (degree of pushing and peel-off speed and angle). Each strip with torn-off 

material was weighed and the weighted average was calculated after weighing. 
 
The sampling was performed at a temperature of 20.5 ° C and a relative humidity of 49%. 

 

The amount of separated material is indicative and only serves to compare the values before 

and after consolidation. The measurement results show some variance in the measured values 

and thus also the resulting characteristics, which is probably caused by some deviations in plaster 

properties at individual sampling points, by local moisture contents of the material, inhomogeneity 

of the plaster, roughness or the degree of surface degradation and the execution method, in 

particular the pushing and tear-off speed and angle. 

 

The results of Scotch Tape tear-off tests are presented in Table 1.  
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Fig. 4 - Scotch Tape test performed 28 days after the application of grouts: a) adhesive tape 

pressing against the tested surface; b) test tape peel-off by smooth movement; c) comparison of 

the first and the last tear-off tape of a specimen consolidated by pressure penetration of Ca4O-Si 

nanosuspension 

 

Tab. 1 - Results of the Scotch Tape test in relation to the grouting technology used 

specimen 
marking 

grouting 
agent 

grouting 
technology 

Scotch Tape test 
mean (g) 

Scotch Tape test 
1st, 5th, 10th peel-

off (g) 

No. 1 Ca4O-Si wetting 
 

0. 4354 

0. 4648 

0. 4005 

0. 3366 

No. 2 Ca4O wetting 
 

0. 3164 

0. 6467 

0. 3840 

0. 2724 

No. 3 CaMg1 wetting 
 

0. 4442 

0. 3268 

0. 2780 

0. 3239 

No. 4 CaMg2 wetting  
 

0. 4358 

0. 3368 

0. 2870 

0. 3241 

No. 5 Ca4O-Si 
pressure 

penetration 

 
0. 3534 

0. 4902 

0. 3188 

0. 4428 

No. 6 Ca4O 
pressure 

penetration 

 
0. 3159 

0. 4477 

0. 4872 
0. 6152 

No. 7 CaMg1 
pressure 

penetration 

 
0. 4435 

0. 5059 

0. 3886 

0. 4043 

No. 8 CaMg2 
pressure 

penetration 

 
0. 5685 

0. 9696 

0. 5299 

0. 4858 

No. 9 REF  - -  
 

0. 4653 

0. 6025 

0. 6182 

0. 3003 
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Determining changes in porosity 

The pore distribution was determined by high-pressure mercury porosimetry on sampled 

plaster specimens. The measurements were performed on plaster specimens with a size of cca 5 

mm (cca 1 cm3), and two independent measurements were always made on each specimen in a 

set of Pascal 140 + 240 porosimeters manufactured by Thermo Electron - Porotec. The Pascal 140 

porosimeter serves as a filling device and low-pressure measurements up to a pressure of 100 kPa 

are performed in it. The 240 porosimeter operates in a pressure range of 0.1 to 200 MPa. Before 

the analysis, the specimens were evacuated at a temperature of 90 °C and then they were 

evacuated to a constant pressure of less than 0.01 kPa in the device. The evaluation was 

performed in instrument software vers.1.05, using the surface stress value  = 480 .10-3 N.m-1 and 

the contact angle value  = 140o. 

When a pressure interval of 0.1 kPa to 200 MPa is used, pores with radii from 3.7 nm to 58 μm 

can be indicated, which represents the identification of meso, macro and coarse pores due to the 

standard pore distribution according to their radius into micropores (r <1 nm), mesopores (r = 1 - 

25 nm), macropores (r = 25 - 7 500nm) and coarse pores (r> 7 500 nm). 

In terms of a change in total porosity, no significant changes in the total porosity of the 

samples were found in the majority of tested specimens.  In specimens No. 2, 4 and 7, the total 

porosity identified was by ca 10% higher compared to the total porosity of the reference specimen. 

In specimen No. 6, there was a decrease in total porosity by ca 20% compared to the total porosity 

of the reference specimen. The results of changes in total porosity are presented in Tables 2 and 3 

and in Figure 5.   

 

Tab. 2 - Change in total porosity in relation to the grouting technology used 

specimen 
marking 

grouting 
agent 

grouting 
technology 

total porosity (%) 

No. 1 Ca4O-Si wetting  29.415 

No. 2 Ca4O wetting 31.91 

No. 3 CaMg1 wetting 29.55 

No. 4 CaMg2 wetting 32.785 

No. 5 Ca4O-Si 
pressure 

penetration 
29.945 

No. 6 Ca4O 
pressure 

penetration 
23.875 

No. 7 CaMg1 
pressure 

penetration 
32.85 

No. 8 CaMg2 
pressure 

penetration 
29.385 

No. 9 REF - - 29.875 
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Fig. 5 - Total porosity of plaster (a) related to the reference specimen (b) in relation to grouting 

agents and grouting technology 

In terms of changes in the pore distribution, the effect of grouting was manifested mainly in the 

domain of macropores and coarse pores compared to the pore distribution in the reference 

specimen. With the exception of specimen No. 7, the proportion of pores with a radius of 5000 to 

100000 nm decreased by ca 6 to 32% compared to the reference specimen. The change in the 

proportion of pores with a radius of 700 to 5000 nm was more significant in the case of pressure 

penetration where there was a decrease in the proportion of these pores by up to 15% compared 

to the reference specimen. In the case of the wetting technology, the decrease in these pores was 

by ca 5% compared to the reference specimen. When both grouting technologies were used, the 

proportion of pores with a radius of 10 to 700 nm increased (by ca 5 to 15%) or decreased by ca 

5% compared to the reference sample. The changes in the pore system distribution are shown in 

Figures 6, 7 and in Table 3. 
 

Tab. 3 - Change in the pore distribution and total porosity  

specime
n 

marking 

grouting 
agent 

total 
porosity 

pore radius [%] pore radius [%] 

10-700 
nm 

700-
5000 
nm 

5000-
100000 

nm 

10-700 
nm 

700-
5000 
nm 

5000-
100000 

nm 

[%] [%] [%] [%] [%] [%] [%] 

No. 1 Ca4O-Si 98.5 51.4 51.3 15.5 109.0 94.6 94.4 

No 2 Ca4O 106.8 46.8 51.2 15.5 99.3 94.5 94.4 

No. 3 CaMg1 98.9 52.6 54.4 10.9 111.5 100.4 66.7 

No. 4 CaMg2 109.7 43.9 57.9 11.9 93.1 106.7 72.5 

No. 5 Ca4O-Si 100.2 46.2 56.1 13.5 97.9 103.6 82.2 

No. 6 Ca4O 79.9 49.6 54.4 12.1 105.3 100.4 73.7 

No. 7 CaMg1 110.0 45.2 46.0 21.9 95.8 84.9 133.9 

No. 8 CaMg2 98.4 54.3 49.5 12.8 115.2 91.3 78.4 

No. 9 
REF 

- 
100.0 47.2 54.2 16.4 100.0 100.0 100.0 

Note: The total sum of the proportion of pore radii can be greater than 100 % due to overlapping 
intervals of pore radii. 
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Fig. 6 - Changes in the pore distribution in selected intervals of pore radii 

 

While comparing the effect of the particle size of grouting agents on changes in the pore 

distribution of historic plaster specimens, based on the analysis of the results of mercury 

porosimetry, we can conclude that there was a change – drop by 5 to 33% – in the proportion of 

pores with a radius of 5000 to 100000 nm in the majority of grouts. The changes in the proportion 

of pores with smaller radii were mostly manifested in the CaMg1 grouting agent applied by the 

pressure penetration technology. In all cases of a drop in the proportion of pores with a radius of 

5000 to 100000 nm, there was an increase in the proportion of pores with radii of 10 to 700 nm and 

700 to 5000 nm. 

 

CONCLUSION 

The visual evaluation of the colour of test surfaces after the application of nanususpensions 

indicates the deposition of lime particles and the undesirable formation of a whitish shade of the 

plaster. A significant deposition occurred mainly in the case of the Ca4O-Si and Ca4O 

nanosuspensions when applied by wetting. When applied by pressure penetration, the whitish 

surface deposits are minimal. 

The possibility of removing the colour shade by the application of H2O (distilled water) was not 

part of the in-situ performed test in order not to affect the penetration depth and the degree of 

consolidation by the nanosuspension. 

The highest degree of strengthening was achieved by the pressure penetration application in 

the case of CAMg2 nanosuspensions (by ca 50%), then Ca4O-Si (by ca 35%) and CaMg1 (by ca 

20%). When applied by wetting (by painting) there was a partial strengthening of the shallow 

surface layer, but the overall degree of consolidation is insufficient.  

Based on the analysis of changes in total porosity and pore distribution, it can be stated that 

the grout did not fully penetrate into the deeper pore structure of the plaster, and remained only in 

the surface layers. In the applied grouting technologies (wetting and surface penetration), the 

grouts mostly fill in the pores with a radius greater than 700nm. When pressure penetration was 

used, there was a more significant reduction in the proportion of pores with a radius of 5000 - 

100000 nm compared to the wetting technology. Due to the changes in total porosity and pore 

distribution, the pressure penetration technology is more effective. Among the grouting agents 
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used, the most effective is Ca4O injected by pressure penetration due to changes in total porosity 

and pore distribution. 

 
Fig. 7 -  Distribution curves of plaster specimens grouted by wetting (a) and pressure penetration 

technology (b) 
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ABSTRACT 

The types of structures, for construction of which it is expedient to use circular foundations, 
are considered. The advantages of the circular foundations as compared with other types of 
foundations are determined. Applying the method of boundary element (MBE), the search of 
optimal ratio of the internal and external diameters of circular foundation is performed to obtain 
maximum carrying capacity of tower drier circular foundation. The comparison of the numerical 
studies with the experimental data is carried out, carrying capacity of tower drier circular foundation 
in case of rational relations of its internal and external diameters is determined. The technique of 
non-linear behaviour of the circular foundation under loading as the most economically efficient 
type of foundation construction for ring in plan buildings is developed. 

KEYWORDS 

 Circular foundation, Stressed-strained state, Carrying capacity, Method of boundary 
elements (MBE) 

INTRODUCTION 

Foundations are structural elements which transmit load from the construction to the 
ground. For the reliable transmission of these loads the foundations must be designed in such a 
way that avoid their excessive subsidence and provide sufficient sliding and sloping stability [2]. 

Besides the most investigated foundations (strip foundations, rectangular foundations, ring 
foundations) circular foundations are more suitable and economically efficient to provide the 
support of axially-symmetrical constructions such as tower silo, water-cooling towers, chimneys,  
transmission towers, television aerials, radar installations, smoke stacks, piers, underground 
parkings,  water towers, shaft storage facilities and storage tanks [4]. 

For such constructions circular foundations are better due to the complete usage of the 
carrying capacity of soil basis. They are often used for the building of large and high constructions 
to resist lateral loadings and increase the resistance to overturning. Besides, circular foundations 
enable to decrease the amount of the material, used for the construction and the cost of the 
construction that is also very important for the investor. 

Ukraine also refers to the countries where circular foundations are used in construction 
sphere. Characteristic trend for modern agricultural brand of our country is the necessity to 
construct grain complexes – dryeration bins, where the circular foundations are used, as they have 
higher specific carrying capacity than the spread foundations [8]. 
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With the growing usage of such foundations in numerous important projects, the interest to 
their behaviours grew. Such behaviours comprise the response to loading and maximum carrying 
capacity. Distribution of stresses in the basis of foundations of circular shape has qualitative and 
qualitative differences from the analogue foundations with the continuance bottom (ring, 
rectangular, strip foundations). Stressed-strained state of structures foundations depends on the 
form of the foundations in the plan [4]. 

It was found that there is no sufficient literature where the results and methods of the 
design for the calculation of circular foundations carrying capacity are presented. The existing 
methods of circular foundations calculation do not have the reliable normative base, that 
substantially restricts the possibilities of their rational design and usage and restrain their wide 
implementation, although for certain structures (smoke stacks, water cooling towers, silvers, 
television towers, etc.) the application of circular foundations is most expedient.  

Thus, the development of reliable, scientifically substantiated methods of their stressed-
strained state determination is an urgent problem for foundation construction. 

 

PROBLEM DEFINITION 

The necessity of the solution of problems, connected with the assessment of the strength 
and soil deformability is dictated by the requirements of engineering practice. Deformative 
properties of the foundation, upper structure of the tower type and soil base have different order. 
The characteristic feature of such structures (elevator, smoke stacks, water towers, bridge piers) is 
extremely high rigidity of the above-foundation part, Figure 1. They do not bend and provide 
gradual settling as a single mass. Conditions of such structures operation greatly depend on the 
soil base. Nowadays foundations of greater part of circular structures are designed in the form of 
shallow depth foundations. 

In the given research, more accurate preconditions for the description of circular 
foundations behaviour, taking into account matching deformation of the foundation and nonlinear 
deformations of the base complex engineering-geological conditions are suggested. 

Calculations of circular foundation settling [Figure 1 b] are carried out, applying modern 
numerical method of boundary elements and latest achievements in the sphere of dispersive soils 
mechanics. Spring-plastic model, based on the plastic flow theory in the form of non-associative 
law was elaborated.  

а)                                                                     b) 

 

 

Fig. 1 – a) Tower drier; b) Geometrical characteristics of the circular foundation 



 
  Article no. 37 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

               DOI 10.14311/CEJ.2020.04.0037 429 

 

Dilatancy relations of dispersive soil grounds of V.N. Nikolaevsky and I.P. Boiko, the 
procedure of step-by-step loading, applying the O.A. Ilushin method of spring solutions were used. 
As the criterion of soil transition into plastic state Mises-Shleiher-Botkin criterion was used. As the 
values of safe loading and boundary carrying capacity are formed by soil strength characteristics 
are used in the developed model, determination of these characteristics is performed by 
experimental standard triaxial studies of soil specimen: E=9800 kPa; ρ=1.96 t/m3; ρmin=1.64 t/m3; 
ρmax=2.21 t/m3; ϑ=0.35; e=0.67; φ=26°; c=17.2 kPa; p0=-1900 kPa. 

According to the existing Building Regulations (1) carrying capacity of the circular 
foundation consists of the soil resistance under the footing, the first component in (1) and force of 
friction on the lateral surface, the second component in (1). 

с cr i i cfF (R A U f h )                                                 (1) 

where  – is the calculated soil resistance under the footing and on the lateral surface, 

correspondingly; A – is the area of the foundation footing;  – is the area of the lateral 

surface. 
For determination of operating surfaces areas of the ring and circular foundations (Figure 2) 

the following dependences are used: 

- for the ring foundation: 

                                                    (2) 

where  . 

for circular foundation carrying capacity was determined as the sum of lateral resistances on 
the internal and external lateral surfaces of the circular foundation and soil compression strength 
under the footing of the circular foundation: 

22
22 rRHRS                                          (3) 

where the area of the foundation footing  А =
22

rR   , area of the lateral surface 

  .22 HRhU i   

 

Fig. 2 – Schemes of the studied models of the circular foundation 
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THEORETICAL CALCULATIONS BY METHOD OF BOUNDARY ELEMENTS 

Data for the calculation of working surfaces (lateral surfaces and footing) for the considered 
models of circular foundations are given in Table 1. For obtaining optimal ratio r/R method of 
gradient descent is used. Gradient of the ratio of total working surfaces of the circular foundations 
to the ring foundations increases to r/R = 0,4 and then decreases. Calculation data are given in 
Figure 3. 

Tab. 1 – Data for calculation of the working surfaces of the circular foundations models 
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0  0,132 0,04147 1 0,0547 1 0,09617 1 

0,2 0,0264 0,132 0,0497 1,198 0,05255 0,96 0,1023 1,15 

0,4 0,0528 0,132 0,05806 1,4 0,04598 0,84 0,10404 1,176 

0,6 0,0792 0,132 0,06635 1,6 0,03503 0,64 0,10138 1,024 

0,8 0,1056 0,132 0,0747 1,8 0,1972 0,36 0,09443 0,648 

 
Fig. 3 – Dynamics of the indices of the circular foundation working surface change relatively the 

working surface of the ring foundation, depending on r/R 
 

Elastic-plastic model, that was used, gave the basis the numerical analysis of the obtained 
data of the forecasting character of circular foundations deformation [5]. 

As the considered problem is non-linear, the step-wise iteration process is used, because 
step-wise procedure was and remains the integral part of finite element analysis. At each step 
linear problem was solved, applying O. A. Ilushin method of elastic solutions.  



 
  Article no. 37 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

               DOI 10.14311/CEJ.2020.04.0037 431 

 

MBE reduces the calculation system of differential equations to the integral equation 

(Brebbia, 1987):  
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where 0,  jjij b  are the static equilibrium equations; )(
2

1
,, ijjii uuj   – are the geometrical 

equations; klijklij C    –  are the physical equations of the environment. 

In the process of the consideration of the non-linear problem integral equation obtained by 
K. Brebia [3] has the form: 

                           





 dГduГduuc
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Г

iij

Г

ijijjij  
.

**
                                     (5) 

where u – is the set vector of displacements on the contact boundary of the foundation 

construction; p – is the target vector of the stresses on the boundary; , ,u p   
 – are te 

kernels of the boundary equations (5) or MBE impact function, kernels are fundamental solutions of 
a boundary value problem corresponding to a source function given in the form of  Dirac delta 
function [5]. In the boundary element method, this is R. Mindlin's solution for displacements and 
stresses due to the action of a unit force P = 1 in space and they are marked with an asterisk. 

Kernels of the integral equation characterize the studied environment: ij
c  – is constant, it is 

determined from the conditions of the  body motion as a whole, it appears in the process of the 
transition of the boundary problem to the  integral equation (4) for the obtaining  the single solution; 

Г,  , х,  – are correspondingly  boundary surface of the foundation construction, point of the 

disturbance, point of the observance and boundary of the triangle sections of active zone of the soil 
[3]. 
 In the process of numerical realization (5) only the contact surface of the foundation and 
soil was discretized, contact boundary was divided into a number of boundary linear elements, 
expected active zone of the base deformation was discretized by the triangled sections.  

 

ANALYSIS OF RESULTS 

The results of the studies show that the most optimal from the point of view of carrying 
capacity must be the circular foundation with r/R=0.4, as it has the maximum total working surface. 

For the verification of the obtained data, the calculation of the models of the circular and 
ring foundations, the dimensions of which are given in Table 1, is carried out by MBE, using the 
developed elastic-plastic model of the soil base. Calculation data and the comparison with model 
experimental studies are shown in Figures 4, 5. 
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Fig. 4 – Data of the numerical forecast by MBE of carrying capacity of the ring and circular 

foundations with the same contact area 

Analysis of the dependences in Figure 3 allows to make a conclusion that in case of the 

same contact surface minimal carrying capacity is inherent to the ring with d/D = 0,8, where, 

according to Table 1, total working surface is the smallest. Maximum value of carrying capacity has 

the test ring plate with d/D = 0,4 (43 kN), its total working surface (Table 1) is the largest. 

Proceeding from the obtained conclusions, the ratio d/D = 0,43 is suggested to be taken as the 

circular foundation of  the tower drier (Figure 1b). 

 

 

Fig.5 – Experimental studies of the test plates of the circular and ring forms with the same contact 
area and different d/D ratios  

  Modern calculations requirements comprise the requirements to provide the complete 
information regarding the functioning of the construction at all the stages of deformation, including 



 
  Article no. 37 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

               DOI 10.14311/CEJ.2020.04.0037 433 

 

the stage of destruction. Figure 6 shows the graph “loading-settling”, obtained by MBE, as the 
physical process of stressed – strained state change of the circular foundation construction of the 
tower drier.  

 

Fig. 6 – Graph “loading-settling” of the circular foundation of tower drier 

When the tower drier of 5400 kN of the weight is loaded settling is 8 cm, it is less than 
admissible 10 cm. In the process of dryeration bin construction (Figure 1) and transmission on the 
foundation the loading of 5400 kN, the value of settling was 7,2 cm.  

CONCLUSION 

Displacement of foundation constructions in dispersive soil bases under the action of force 
impacts causes the change of its physical-mechanical properties, that influences their carrying 
capacity.  

Non-linear model of soil base behaviour, developed by MBE, enables to describe the 
behaviour of the circular foundation with the sufficient for practical needs accuracy, providing 
economic effect.  

The suggested dilatancy model and MBE enables at the stage of design to forecast 
geoengineering situation of circular foundation behaviour, state of foundation structure in the 
specific engineering-geological conditions that allows to improve the quality of design calculation, 
possibility to increase the terms of construction functioning by means of its stressed-strained state 
regulation. 
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ABSTRACT 

Precast concrete structures have gained preference in the modern construction industry 
because of the multiple advantages they offer. The connection of precast members is an important 
aspect to consider in the design of structures with precast components. Grouted Sleeve 
connection, one of the famous connector types, is made of the trio of reinforced bars, high strength 
grouting materials and a ductile iron cylinder. This article compares the finding of recent 
experimental research findings on grouted sleeve connection and establishes the relationship 
between the three components of the connector to enhance the performance of the splicing agent. 
It is found that the tensile performance of the connector increases with the embedded length of the 
bar for a normal sleeve. An effective embedded length set between 6 and 8 times the diameter of 
the bar will maximize the tensile performance of the connector. The increase in diameter of the 
sleeve cylinder, the compressive strength of the grout and the length of the bar embedded and its 
surface will affect the bond performance and the mode of failure under tensile load. ` 

KEYWORDS 

Precast concrete, Sleeve connector, Bond strength, Embedded length 

INTRODUCTION 
Precast Concrete (PC) is a currently promoted technology in concrete structures. It is 

believed that PC technology has been used in ancient Rome for tunneling. The current PC 
technology commonly used was first used by Alexander Brodie, a British engineer in 1905. In the 
USA the technology was used in the construction of a Bridge in Pennsylvania after the World War 
II [1, 2]. The most developed countries have embraced the technology with Japan and China also 
being among the beneficiaries of the invented technology. The concrete members are 
prefabricated far from or near the site and have relatively gained preference over cast-in-situ 
concrete most especially for high raised buildings, multi-storied car parking, highway bridge 
supports among others [3, 4].  

There are many listed benefits of using PC over the cast on-site concrete. Some of the 
benefits include the reduction in construction’s required time, avoidance of unnecessary delays 
caused by extreme weather conditions, decreased environmental pollution, enhances architectural 
ventures which could not be possible with the traditional technology, a limited number of laborers 
on site. In  addition, the new technology decreases the risks of site-related accidents and labor 
cost and offers the ability to produce very good quality concrete with high strength in the controlled 
environment [5, 6]. 

mailto:espoirkulondwa@gmail.com
mailto:xiefuzhe@ujs.edu.cn
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  Due to the ability to produce very high strength concrete in a controlled environment, 
structural engineers picked interest to maximize the use of precast elements for structures which 
are expected to support the heavy load. It is now a matter of knowing how to connect the different 
PC structural members safely together [6]. 

CONNECTIONS FOR PRECAST CONCRETE 

Briefing on precast connection 

A connection in reference to precast concrete structure means a construction between two 
or several precast concrete components. It can, therefore, comprise multiple joints [7].  

Connections are critical structural elements in precast concrete construction. Beside 
influencing the type of frame to use and the erection process they are responsible for proper 
transmission of the loads between structural elements and ensure the robustness of the structure 
in the overall continuity.  It is evident that the main difference between precast and traditional cast 
on-site concrete lies on the continuity of the structure at the nature of the connection between 
different members [8]. The traditional cast on-site concrete has the continuity of the structure at the 
connection as the result of the site set up of the reinforcement bars encored together in the foam 
work before casting and vibration of fresh concrete. For the PC structure gets its continuity from a 
good link between two or more structural members being erected on site.  

Precast concrete members are linked to each other by a mean of connections. There is 
ongoing research on the various types of connections to confirm the reliability of the performance 
of these connections to ensure the integrity and safety of the structure. It is crucial to understand 
that a lot of reactions that are responsible for structural stability happen at a junction between two 
different structural members.   

 

Design consideration and criteria of PC connections 

The main role of a connection for both precast structures and cast in situ structures is to 
provide adequacy in structural loads transferring without undergoing any considerable deformation 
[9]. For precast structures, a connection ensures members are safely linked, provides the support 
during the erection of other members, and accounts for the integrity of the final structure’s 
performance. In the whole process, the structural engineer ensures the connections serve for the 
continuity of the structure as a whole. Any bridging gap at the joint in the connection will 
compromise the structural integrity to an extent [4]. 

While ensuring the structural integrity at the connection, it is also important to acknowledge 
that the conception of the connection should always be simple in order to facilitate the erection 
process and enable final loads transmission [5]. The designer should consider the connection’s 
design criterion, the ease of mounting members on-site, the strength, the durability, the fire 
resistance and the most importantly the material which is preferably ductile with high strength in 
most cases [1, 5]. There is a diversity of connections that link precast concrete elements together.  

After manufacturing the different components of the precast concrete structures, engineers 
have a task to mount the different parts together while ensuring structural integrity. Currently, there 
are many ways of connecting the precast components together in order to form a performing 
structure. Advancement in research on connections discovered the feasibility of a hybrid structure 
which is the combination of steel structure and PC reinforced structure to provide safe links 
between members. In this document, we will focus on one of the common types of connection 
used in the precast structure. 
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Characterization of connections 

The connections between the precast elements are either wet or dry. Wet connections rely 
on the splice of the reinforcement bars. They’re usually achieved by a reinforcement lapping 
setting and an onsite concrete fill in the lapping dowel [10, 11]. Though wet joints involve extra cost 
and time they enhance good ductility of the connection and do not hamper important movement in 
the connection [12]. In 2019 Scholars in Japan rate the performance of the wet as better or similar 
to the monolithic cast-in-situ intersection [13]. The dry connections are set up by means of the steel 
materials and are in most cases used for fixed connections [10, 12]. Dry connections can be 
achieved in practical by bolting, anchoring or welding on site. In times of overstress, they have a 
brittle failure [11, 12] and hidden cracks can develop bellow the anchorage without being noticed 
[14]. Much as [15] reports a good performance of the joints, wet connections are more preferable 
than the dry connections.  In other cases, the connections in precast structures are classified 
differently. Based on the elements they connect we have shear wall connections, slab connections, 
walls connections, beam to column connections, beam to beam connections, column to columns 
connections, column to foundation columns [8, 11]. Other scholars have classified the precast 
connections according to the major force actions which they convey. We, therefore, have shear 
connections, tensile connection and compression connection [7]. Much as there may be the 
presence of torsion action in the working of connection, its influence is relatively minimal and not 
an object of focus considered in concrete structures unless for special cases.  It is important to 
therefore notice that connections are designed in consideration of the members that are to be 
connected.  

Thus, a satisfactory connection between precast components can be achieved in several ways 
which in most cases include bolting and threading, mechanical connectors, anchors, bar couplers, 
special insert, shims, welding, grouting and etc. In the diversity of connections settings, the 
structural engineer should remain innovative in adapting the chosen connection set up to his site 
and  have sufficient information about the working of that connection in particular [8].  

GROUTED SLEEVE SPLICE (GSS) 

Grouted splice is one of the preferred precast mechanisms to link two different members. 
Alfred A. Yee invented it in 1960, GSS is a hollow cylinder made with ductile materials of iron, 
where two reinforcement steel bars are connected together [16-19]. 

 

Fig.1- Elements of the GSS connector 
 
In Figure 1, the image also used in [20] provides a pictorial understanding of the connection 

set up of grout sleeve itself on the left  and the description and details of the components of a full 
grouted sleeve with the trio component of sleeve, bar and grout. 
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To achieve a proper bonding capacity of the rebars, high strength grouting materials are 
inserted in the sleeve. Grouted sleeve connection is used in precast concrete to connect a column 
to column, beam to column connection, column to foundation connection as well as shear walls 
connections.  

                                                                            

                                                                                    

 

 

 

 

 

 

 

 

 

 

 

 
The edited image extracted from [21] captures two wall panels yet to be connected together 

by a grouted GSS, an illustration of the in-situ erection setting. 
A grouted sleeve connection used for precast members splicing comprises of a cylindrical 

ductile iron duct sometimes made of steel, the reinforcements bars and the grout. It is important to 
understand that the composite materials of each one of the trio components of the sleeve matters 
for a good performance of the connector [22]. The sleeve enhances the grout confinement around 
the steel reinforcements [6]. It serves as a connecting agent between the field’s reinforcement and 
the factory member’s reinforcements during the erection process, keeps reinforcements in  proper 
alignment and holds the connection components together while allowing the inflow of grouting 
material in the sleeve through the two holes [23]. As illustrated in Figure 2, the two reinforcement 
that participates in the connection of the walls have their lapping inside the connector. The 
reinforcements and inserted grout enhance, therefore, the continuity of the structure at the 
connection inside the GSS connector [16].  The grout is a high strength concrete material that fills 
the void space between the bars and the inner surface of the sleeve connector. The grout 
confinement in the sleeve serves as a bond between the two reinforcement bars being connected 
[16, 24].  

 

Factors influencing the performance of the sleeve 
The performance of the GSS connector under loading highly depends on the strength of the 

grouting materials and their confinement inside the connector [25-27]. The appropriate grout 
material is preferably a high compressive strength material which has non shrink property [28]. 
Insufficient grouting and the presence of grouting defects in the steel sleeve will decrease the load 
load-bearing capacity at the connection and will lead to the premature failure of the set up [28, 29]. 
Defects in grouting materials will also damage the adhesion between the grout and sleeve inner 
walls and bar surface which is paramount in the connection proper performance. A 30 percent ratio 
of the defect in grout for a sleeve will lead to premature failure of the connector [19, 29]. There is a 

Precast wall already 
cast with the sleeve 

connectors 

Factory precast wall with 
reinforcement bar to be 
inserted in the sleeve 

connectors reinforcement reinforcement 

 

reinforcement 

 Iron Sleeve 
connector 

Fig.2 - Erection of Precast members using grouted sleeve connector 
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strong agreement between the deliverables and findings of the existing experimental research by 
deferent authors on the impact of the grouting defects in relation to the confinement of the grout in 
the sleeve and the performance of the connector. But the gap between the research specimen set 
up with artificial defects and the suspected existing defects in the connection set up is relatively 
big. Up to now, the research on grouting defects within the connector does not reflect the real 
case. Detection of small defects in the sleeve by means of nondestructive tests was proved 
inefficient and not accurate in defects sizing within the sleeve[30, 31].  The research conducted by 
[29] used soil and foam as the defects while [28] without specifying the nature of defects in his 
experiment, he affirms to have defects in the vertical plane of the sleeve along the path of the 
upper embedded length. His defects are in different sizes. We can make an observation that both 
of the experimental work later experimental works do not reflect the ideal scenario faced on site. 
There is a need to pursue the in-depth study on grouting materials ,their propagation in the sleeve 
and the way they perform with the connector’s other components [32]. 
  The bond strength between the bar and the grout also depends on the bar structure, the 
grout’s compressive strength, its chemical adhesion and the diameter of the steel sleeve, The bar’s 
roughness and the bearing of the steel bar [33]. Most experimental work use 28 days normal aged 
grout of strength varying between 58 Kpa in [34] up to more than 80 Kpa in [28]. The highest 
compressive strength grout is the most preferred in the field and hence much more used for many 
experimental works and field works.  The findings after the experiment conducted in [25] establish 
that the strength of the bond between the reinforcement bars and the steel sleeve increases 
proportionally with the compressive strength of the grout. Hence the compressive strength of the 
grout will increase the bond performance of the connector. The mechanism of load transfer by 
grouted sleeve connector depends on the bond between all the components involved which is 
provided by the grouting materials [18]. 

                   (1) 

 

 
The Equation (1)  also used in [25, 34, 35]  can find the average bond stress when the 

connector is subjected to a load. P is the force in the bar, 𝜋𝑑𝑏 is the nominal perimeter of the bar 
and 𝑙𝑒 is the embedded length of the bar. 

The data from the experimental study [36], were used to plot the graph in Figure 3. A 
selection of data with different bars diameter respectively 16,18 and 20 were picked under different 
embedded length with other parameters constant to study the grout bond response. 

 

Fig. 2- Behaviour of bond strength under increasing embedded length 
The bond strength u is indirectly proportional with the embedded length le.  It can be 

observed from the graph that the difference in the bar diameter has no impact on the sloping line of 
the bond strength under the increasing embedded length of the reinforcements. The tensile 
capacity of the connector is not linked to the bond strength only but varies according to both the 
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bond and the embedded length. It is a result of a good set up of all the features in the sleeve [25]. 
Regardless of the bar diameter in the sleeve and increase in le will weaken the bond. The 
deduction from the above graph is that the bond strength of the grout within the connector will 
decrease with the embedded length of the bar. The bonding mechanism within the connector is 
enhanced by the confinement of grout within the connector therefore, an increase in embedded 
length will decrease the confinement of grout within the connector and hence compromising the 
bonding strength [16].  

There is an existing link also between the surface’ nature of reinforcement bar and the 
connection performance. The need to find the anchorage of the bars have lead researchers to 
investigate the type of bond existing between the grout and the reinforcements [34, 37]. It was 
found that bars with a smooth surface have a weak bond with the grout. In an experiment 
conducted by [35], a specimen with the reinforcement with rough circumference had a good grout 
bond capacity and failed by bar fracture while the smooth bar failed by bar pull out of the sleeve. 
The interdependence of bond adhesion of the grout and the bar in relation with the bar’s roughness 
is mentioned as well in [33]. This behavior is justified by the additional frictional resistance that the 
ribs on the rough surface of the bar make with the grout.  Other researchers managed to get an 
expression that links the embedded length of the bar to the performance of the sleeve under 
loading conditions [18].   

The alignment of the two bars being connected within the sleeve is crucial for a good 
performance of the connector. Misalignment of the reinforcement in the sleeve bar will compromise 
the distribution of the tensile stress within the connector [6, 21, 25]. The impact of the alignment on 
the performance of the connector is emphasized in [3, 6]. The same issue may aggravate 
deformations in the connector and weakens the surrounding grouts in times of load application. 
The same can precipitate the failure of the connection [37].  

The diameter of the bar increases linearly with the tensile capacity of the connector [24, 32]. 
It is logic to establish a linear relationship between the tensile performance of the GSS connector 
and the diameter of the reinforced bar if the set-up of components of the connector are all carefully 
integrated since the same relationship exists between the diameter and the tensile performance of 
the reinforcement bar. 

To determine the total embedded length of the bar the following expression can be used: 

 (2) 

le is the embedded length, P is the applied force, db is the bar diameter, and u is the bond 
strength between the bar and surrounding grout [3, 26]. 

In his experimental work [24] established the relationship between the length and the 
tensile behavior of the grouted sleeve connector. 

From their experimental findings in [26, 34]  it can be established that the expression 

16e bl d
where e

l
 is the length of the sleeve and db the diameter of the bar can be used without 

any weakening of the sleeve performance. Further investigations on the right length being eight 
and twelve times the diameter of the bar were also proven safe to use [34]. The safe embedded 
depth of the bar should be selected in consideration of the type of the sleeve being used. Headed 
couplers require a shorter embedded length than the normal sleeve.[34]. [35],[25] and [21]on the 

other side after their experiment realized that the expressions 
6

e b
l d

  and 
7

e b
l d

 will give the 
sleeve the tensile strength performance exceeding the requirement in ACI 318. The same 
expression was approved by scholars in China and the United Kingdom in 2019 after their 
experimental work on grouted sleeve splice with wedges [6]. There is a complete disagreement of 
research on the proper embedded length to use inside the steel connector. It is valuable to 
understand that, though the length of the bar has a linear relationship with the tensile performance 
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of the connector, the embedded length is not the only parameter on which the tensile depends on. 
In [34] it is also agreed that the nature of the grout-bar bond, sleeve-grout bond and the 
compressive strength of the grout will have an influence on the tensile performance of the 
connector. Different setting of the connector will require different embedded length of the bar but 
the normal sleeve largely used will perform well at the embedded length between 6 and 8 times the 
bar diameter. 

The data from [38] after the experiment were used to produce the following chart below 
showing the relationship between the embedded length of a 16mm diameter, the bond strength 
and tensile strength capacity. 

 

Fig. 3- Tensile performance for different embedded lengths 
In Figure 4, decreasing bond strength at the same embedded length of the bar will decrease the 
tensile capacity. The increase of the anchorage length to the effective one will slightly decrease the 
bond capacity but significantly increase to the maximum the tensile capacity of the connector.  Any 
additional length beyond the required embedded length of the bar will only decrease the bond 
capacity u without any effect on the tensile load-bearing capacity P. 

The steel or iron sleeve should be able to ensure very good quality of bond strength [18, 
32]. The structural and economical influence of the type of connector cannot be negligible. 
Different connectors influence both the embedded length and the grout bond strength depending 
on whether the sleeve is threaded or not, headed, wedged and etc. [21, 34]. The performance of 
the bonding grout with the sleeve depends on the nature of the inner surface of the steel or iron 
sleeve. Ribbed surfaces provide better bonding than smooth surfaces just like for the surface 
properties of the bar [24, 35]. Better bond performance of ribbed or threaded sleeve inner surface 
was reported by [26] in his conclusion. Sleeves with a threaded inner surface can increase the 
tensile performance of the connector. It was found in  [38]  that the tensile capacity of the threaded 
sleeves outperforms the performance of the normal sleeve with a smooth inner surface by about 
36KN. The threads and ribs will enhance proper adhesion and improve the sleeve-bond strength 
hence creating a frictional resistance during the tensile test. 

The ratio of the sleeve diameter to the bar diameter 
/

s b
d d

 counts also for the grout 
confinement effect of the sleeve and should lie between 2.66 and 3.55 [34]. The ideal ratios for 
specific bars were tabulated in the same document after experiment [34]. It is more preferable to 
have a tolerance of about 2.5 cm around the bars within the sleeve [3, 34]. An experimental study 
found that selecting a lower size of the sleeve diameter will improve the confinement in the sleeve 
enhance a better performance of the connector [37, 38]. 
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Selecting the data from [6] in his experiment conducted in 2019, the chart below was 
plotted to mark the relationship between the bond strength, the sleeve diameter and the tensile 
performance of the sleeve. 

 

Fig.4- The impact of the diameter of the sleeve cylinder 
At the same sleeve diameter and increase in le will decrease the bond. Likewise, at the 

same embedded length, and increase in the sleeve diameter will decrease the bond strength. The 
tensile capacity increases with the length up to the safe embedded length. Any additional length is 
unnecessary. A larger sleeve diameter will weaken the bond and cause a slight regress in the 
tensile capacity. 

The data in the experimental work tabulated in [38] were selected to illustrate the 
relationship between the diameter of the sleeve and the bond at a different embedded length of the 
bar. (db=18mm)  

 

Fig. 5 - Impact of sleeve diameter 
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From the above chart, an increase in the sleeve diameter will result in a decrease of the 
bond strength under the same embedded length of the bar or even a shorter embedded length. 
The tensile performance increases significantly with the embedded length up to the required 
embedded length for this case 125mm which is about 6.9db. Despite the decrease in sleeve 
diameter, an increase in embedded length still reduces the bond strength. An increase in sleeve 
diameter and in embedded length will both decrease the bond strength until the minimum bond 
strength where no further weakening of the bond is observed. The tensile capacity is maximum at 
the embedded length 125mm. No further improvement in performance both on the bon and tensile 
is not possible. 

Mechanical interlocks play a key role in case of bond failure the performance of the 
connector relies on frictional resistance and mechanical interlocks [39]. 

 

Performance of the grouted sleeve connection  

It is reported that the PC had poor performance in seismic regions and was therefore 
previously used consciously in seismic regions with a lot of precautions and relatively high risks 
[11]. The grouted sleeve connection was found through much experimental work to withstand 
several earthquakes without undergoing any major deformation [35]. The wet connections are 
more preferred more than the wet in seismic zones because of their ability to allow movements 
within the connection setting [10].  No wonder, the PC structures now exist in seismic zones of 
Japan, China, Canada and etc. The nature of the connection allows to the connection very high 
ductility there hence there is displacement inside the connection due to apply load before the 
ultimate load that causes the connection to fail. The load displacement curve of the grouted sleeve 
connector is homogeneous and the connection does not register a brutal failure before yield [24]. 
This accounts for the good ductility of the connector previously mentioned.  An experiment 
conducted by[17] on columns with grouted sleeve splice confirmed that grouted sleeve connection 
is safe to withstand earthquakes. The homogeneity and the non-brutal failure of the sleeve in the 
load displacement curve of a grouted sleeve connection is an indicator of good confinement and 
proper bonding between the two reinforcement being connected [24]. The good tensile 
performance of the grouted sleeve connection is proven by the bar fracture outside the sleeve 
during the tensile test experiments [16, 38].  

In his experimental research, [39] found out that grouted sleeve connections allow axial 
movement and have very good energy dissipation without undergoing considerable deformation. 
The same author highlights poor response to critical rises in temperatures. The poor thermal 
conductivity within the connected components is also confirmed in  [40].  

The poor performance of the connection when subjected to high temperature is the 
disadvantage of the connection [41]. Though proper link can be achieved by the GSS, in case of a 
fire outbreak, the connection will be weakened. At temperatures above 5000F, the steel materials 
in the structure will start losing their strength properties [42]. Concrete cover on top of the sleeve 
connector made also out of steel should be enough in order to provide adequate protection of the 
connection.  Isolation of the connection and its protections should be a priority while setting up the 
connection.  Investigations should also be carried out and confirm the fire endurance of the 
connection the point at which the weakening of the GSS connector will compromise the load-
bearing capacity of the connector. The later compromise may cause the collapse of the structure.  

 

Improvements of the sleeve 

Some engineers use a spirally confined lap which is a new technology proposed and being 
assessed to improve the confinement in the connector for the precast members intended to carry 
heavy structural loads [18]. This improvement meanwhile is achieved outside the connector but is 
meant to enhance the compressive performance of the connection. 
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Further ongoing improvements of grouted sleeve connection range from half grouted sleeve 
with mechanical interlocks where one part of the sleeve is grouted and another end is fixed. In 
Beijing, there has been the creation of a grouted sleeve with threaded and multiple shear keys [6, 
43]. Threaded sleeves have been observed to have a considerable improvement in tensile 
performance.  The new technology of incorporating a shear key in the connector is reported to 
improve the grout-pipe bond failure by preventing it with a minimum of three shear keys [21].  A 
modification of the sleeve with wedges and other tapered head have been used to conduct an 
experiment that found an improvement in the performance of the modified sleeve. 

Fig.6- Sleeve cylinder with wedge and with wedge and threads 

All improvement and customized sleeve should, therefore, be subjected to experimental tests 
of their ability to convey structural loads before they can be used. Other researches on the 
improvement and customized sleeve connector remain confidential and private.  

CONCLUSIONS 

Many experiments conducted on grouted sleeve splice approved the working and the 
performance of the connector under loading conditions. A good combination and a proper set up of 
the trio components in the right geometry and specified properties will enhance a safe connection. 
The GSS has three major modes of failures that are reported in the experimental works reviewed: 
bar bond failure also referred to as bar pullout, bar fracture outside the sleeve, and grout- sleeve 
bond failure [16, 32, 44]. 

The bar pullout case has been common in the specimen with weakened bond strength as a 
result of poor adhesion between grout and rebars. Much as there is gap in studying the distribution 
of the grouting materials inside the sleeve, it can be realized that the  additional length of the bar 
anchored in the sleeve beyond the effect which is placed between 6 and 7 times the diameter of 
the bar will weaken the bond without additional tensile capacity [6, 18, 26].  Excessive length 
beyond the required will be the cause of bar pulling out of the sleeve. 

Bar fracture is the best mode of failure for a sleeve connector. This failure means that the 
connector setting outperforms the tensile capacity of the bar. The connector’s tensile performance 
is 1.25 times the tensile performance of the bar inserted. This means the connection achieves the 
tensile requirement of the connector. The impact of the tensile yield capacity of the reinforced bar 
is not assessed by many scholars yet believed to have a considerable impact by [45, 46].  

A safe length of the embedded portion of the bar with rough surface inside a steel sleeve with a 
small sleeve diameter ds and the ribbed inner surface will make a better set up for a good 
performance of the splicing agent. 

Grout to sleeve bond failure is the least common type of failure. It is the type of failure resulting 
from a poor bonding between the sleeve and the grout. Usually common with sleeve without proper 
interlocking mechanisms and smooth surfaces [21, 26].  A small diameter sleeve will enhance 
good bonding than a wider diameter of the sleeve [45]. 
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Research derivable reported the good performance of the connection in earthquakes and good 
capacity of energy absorption. Under fire outbreaks, the connection is weak due to poor thermal 
conductivity. 

FURTHER RESEARCH 
We recommend that the distribution of grouting materials in the sleeve and their impacts on 

the connector’s performance should be clearly understood. The impact of their various confinement 
in the sleeve should resort in order to improve the safety of the connection. 

We advise conducting a study that should focus on increasing the bond together with the 
length of the bar then assess the tensile capacity of the connector. Otherwise, provide clear 
concepts and equations that explain the existing trend of inverse proportionality between the bond 
and the embedded length of the bar. 

Scholars should link the tensile yield of the reinforcing bar to the overall performance of the 
sleeve connector with an emphasis on the tensile contribution of the bar [46]. 
Many studies were done on GSS connection focus on bond strength, which is key, but a study on 
the contribution sleeve material on the tensile performance would be more insightful. 
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ABSTRACT 

Historic buildings located in areas exposed to dynamic effects caused by natural or 
technical seismicity are one of the most vulnerable types of structures. Masonry buildings often 
have timber-ceiling structures with insufficient rigidity and not fully functional system of wall and 
beam ties, therefore being extremely sensitive to the dynamic effects caused by natural or 
technical seismicity. Main focus of the article is the outline of possible rehabilitation and restoration 
design approaches for strengthening of historic buildings in terms of dynamic loads. Brief 
information about the research performed in the field of masonry vaults’ reinforcement due to the 
dynamic loading is presented. 
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INTRODUCTION 

Seismic waves due to earthquakes (natural seismicity) are usually complex continuous 
movements, similar to the oscillations characterized by its period, amplitude, velocity and 
acceleration (Figure 1a). To simplify this, the movement during an earthquake is normally assumed 
to be a simple harmonic motion. The effect of seismic waves in the subsoil directly in contact with 
the structure is first transmitted to the foundations of the building, exerting cyclical horizontal 
displacement of the foundation due to the repeated movements of the subsoil, which are then 
transmitted to above ground structure through the underground (lowest) floor. The type and 
magnitude of the horizontal displacement depends mainly on the shear and flexural stiffness of the 
individual floors’ structure or the substructure (Figure 1b). The highest values of stresses or 
horizontal (shear) deformations related to the distribution of the load-bearing system’s stiffness 
along the height of the building can be expected on the lowest floors between the foundations and 
the superstructure, or in the substructure. In this perspective, the systems with a relatively low 
stiffness on these floors – e.g. spacious halls, temple naves, etc. - represent the weakest, critical 
point, usually with the lowest resistance to seismic effects [1,2]. The movement of the Earth’s 
surface during an earthquake in horizontal direction reaches approx. 0.3 to 0.5 times the 
gravitational acceleration. The horizontal component is the one that has the most severe impacts 
on buildings. A frequent cause of failures of masonry structures is the relatively low tensile strength 
of masonry and low ductility, which is the cause of considerable sensitivity of these materials 
(masonry structures) to the effects of forced deformations. The consequences of this property are, 
in many cases, manifested locally in the places of stress states with a significant tensile 



 
  Article no. 39 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

             DOI 10.14311/CEJ.2020.04.0039 449 

 

component. Figure 2 illustrates this fact by comparing the working diagrams of masonry, concrete 
and steel.  

 

 
 

Fig. 1 – a) Record of seismic excitations during earthquake swarm in 2008 (West Bohemia,  
Czech Republic), b) Response of the structure to seismic loading 

 

 
 

Fig. 2 – Load-displacement diagrams of masonry, concrete and steel 

The severity and intensity of seismic (dynamic) effects, which spread through the soil, 
caused primarily by natural seismicity, depends, among other things, on the execution method and 
the properties of the foundation structures of the building. The magnitude of vibrations from the 
subsoil is mainly affected by its geological composition and mechanical properties. Propagation of 
vibrations through the subsoil depends directly on the natural frequencies of soils of the overlying 
formations on the bedrock. In the conditions of the Czech Republic, the usual thickness of soils on 
the bedrock is 2-4 m. In such a case, the natural frequencies of the soil may be very close to the 
natural frequencies of buildings [3]. Due to this, the transmission of vibrations into building 
structures can be amplified by the so-called resonance effect [4]. Secondary excitation of subsoil 
movements near non-stabilized geological conditions may also lead to failure of masonry 
structures. 
  The structures with limited spatial stiffness and insufficiently rigid foundation structures tend 
to be highly susceptible to dynamic effects due to technical and natural seismicity [5]. Typical 
masonry buildings, often without fully functional system of wall and beam ties, with beam ties 
anchored in degraded masonry, with an inadequately rigid vaults’ supports system, buildings with 
“soft” timber ceilings, with shallow or non-rigid foundations and unsuitable or degraded foundation 
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subsoil are extremely sensitive to these effects [6,7]. The type of masonry failure under dynamic 
loading caused by vibrations is essentially a brittle fracture. At relatively low vibrations, the 
masonry breaks due to fatigue not only in the joints, but also in masonry units. Vertical cracks 
occurring in the perimeter walls of castle and church towers are also, in many cases, caused by 
seismic effects (including low-cyclic effects of temperature and dynamic effects of heavy bells) [7]. 
Low resistance of masonry structures to seismic effects can lead to severe damage or even 
collapse of these structures [8,9], many of which are buildings with national or even international 
heritage protection.   

Current research in the field of masonry structures’ response to dynamic effects is focused 
mainly on experimental and theoretical analyses of the behaviour of main structural parts (walls, 
columns, vaults) under seismic action (horizontal loads) and on the possible methods of 
rehabilitation, restoration, strengthening and stabilization of these structures. The in-plane 
displacement capacity of masonry structures is considered one of the most important factors for 
evaluating their resistance to seismic loads [10,11]. In the field of strengthening, different materials 
and reinforcing methods are being tested. The use of high strength composited based on carbon, 
glass, basalt and steel fibers and epoxy resins (FRP) or cementitious matrices (FRCM) is often 
preferred. The experimental and theoretical research is primarily focused on the determination of 
optimal placement of the strengthening measures [12,13], verification of bond properties of 
reinforcing measures [14], verification of novel types and shapes of FRP reinforcement (Ω-Wrap 
[15]), use of different materials (for example polyparafenilenbenzobisoxazole fibre reinforced 
cementitious matrix - PBO-FRCM [16,17], Anorganic Matrix composite Grid [18] and others) or 
even modification of the strengthening composite properties by nanomaterials [19]. Experimental 
research of masonry structures (mainly vaults) is also focused on verification of seismic 
performance of reinforced structures [20-23]. Integral part of the research is numerical modelling of 
reinforced structures using advanced, non-linear approaches and their evaluation against the 
experimental results [8,24-26]. The use of textile based reinforcements (TRM) and steel reinforced 
grouts (SRG) is often found to be favourable compared to traditional FRP reinforcement, due to the 
more ductile behaviour, better compatibility with historic masonry materials, reversibility, lower 
costs, lower diffusion resistance and better fire resistance [21,22, 27-32]. 

REHABILITATION AND RESTORATION DESIGN OF A HISTORIC BUILDING IN 
TERMS OF DYNAMIC LOADS 

The rehabilitation design of a historic masonry building situated in a seismically “hazardous” 
foundation soil, near the tectonic faults, in burrowed under areas, not fully consolidated made-up 
ground and slope covers, in the sloping terrain, in areas of geological faults exposed to dynamic 
effects and shocks must be elaborated with special care. It is necessary to assess the execution 
and condition of foundations and the substructure, the quality and workmanship of load-bearing 
masonry, the stiffness and effectiveness of the system of tendons, the transfer of horizontal forces 
exerted by vaulted structures, the stiffness of the supporting system and the stiffness of the floor 
structures in their planes. 

Results of extensive analysis of the damaged to historic masonry buildings in seismically 
active regions [3] can be summarized as follows: 

a) Due to the seismic activity of earthquake swarms, the buildings made of classic stone, brick
and mixed masonry are notably more endangered, compared to, for example, the wall
structures of prefabricated concrete buildings erected in the same area in last century.

b) The degree and magnitude of damage to masonry buildings, which do not undergo regular
maintenance and repair of the damage caused by dynamic effects of previous seismic activity,
is more severe compared to undamaged buildings. The stress redistribution and dissipation
from parts of the masonry structure with damage to intact parts is too small and therefore the
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extent and intensity of the damage gradually increases. The area of the undamaged masonry 
structure with the ability to absorb the seismic energy without failure is reduced, which leads to 
lower resistance of the masonry structure.  

c) Masonry buildings with binder based of cement mortar have higher stiffness, compared to 
buildings with binder based on lime, and, at the same time, due to the low tensile strength of 
the masonry, cracks of larger widths appear and a more significant deflection of damaged parts 
occurs, which makes subsequent masonry repairs difficult. In contrast, the masonry with a 
softer binder based on lime dissipates the fracture energy in the binder part of the masonry 
and, as a result, more frequent and smaller (thinner) cracks appear, with a less pronounced 
effect on the overall stability of the masonry structure.  

Preventive measures in historic masonry buildings with vaulted structures in regions with 
increased seismicity include: 

The assessment or execution of adequate modifications to ensure the stiffness and strength 
of the foundation structure, such as the strengthening of foundation masonry, tying of foundation 
structures with bracing strips, tie rods, etc., securing the participation of foundations in response to 
the dynamic loads and stress redistribution caused by a change in the shape of the foundation 
subsoil. 

The reinforcement of vertical masonry columns and walls (concreting, shotcreting, steel 
bandage, reinforcement with FRP composites), strengthening and stiffening of floor structures 
(reinforcement with additionally installed steel beams, tie rods, bracing, overconcreting), deepening 
and bracing of foundations, all these measures increase the overall resistance of masonry structures 
to dynamic and seismic effects. 

Additional stiffening of the load-bearing structure situated at the foundation and floor slabs’ 
levels, vertical pre-stressing of walls and columns with the foundation structure (Figure 3), activation 
of tie rods together with delimiting “spacers”, reinforcement of vaults with pre-stressed lamellas 
based on high-strength fibers situated on the extrados and pre-stressing of supports or 
interconnection of foundations are the most effective measures. 

 

 
 

Fig. 3 – a) Prestressing of the load-bearing masonry structures and foundations vertical and 
horizontal direction, b) Additional vault ties and foundation coupling, c) Stiffening the vault structure 

by CFRP lamellas, vault ties and foundation coupling 
In masonry buildings with wooden ceilings, the stiffness of the floor structure must be 

secured, above all, by functional wall and beam ties, or by additionally executed ring beams and by 
masonry bracing at the floor structure level, additional masonry reinforcement (in both horizontal 
and vertical directions). 
  In addition to the horizontal bracing of the masonry structure by a system of ties (wall, vault, 
beam ties), the masonry can also be additionally reinforced by vertical steel ties, which vertically tie 
individual parts of the building – e.g. anchoring of the wooden structures of trusses, baroque 
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towers and domes. Wooden vertical tie rods may also be used, beam tie rods are anchored to the 
floor beams. Similarly, cornices, stone slabs of balconies, bay windows, suspended staircases can 
also be anchored by vertical steel tie rods, and the masonry can be strengthened in places where 
the bed joints may open. 

The analysis of the response to dynamic effects in the vault structure requires special 
attention. The type of the vault impost mounting in the masonry of the abutments mostly 
corresponds to partial embedding of the vaults in the abutments. The vaults gradually or 
continuously enlarged in the impost cross-sections in which full embedding can be assumed may 
be an exception to this rule. In contrast to the “simple” mounting of a vault with a bowstring on the 
abutments (statically determinate system), vaults with a partial or full embedding are very sensitive 
to deformations of the supporting system which are transferred to the vault structure, and due to 
dynamic loads they may cause the vault failure (e.g. in the case of semicircular vaults most often in 
the crown part, but in some cases near the abutments).   
  Securing the vault stability requires a functional and effective tie rod, beam tie system, or a 
stable supporting system (massive retaining walls of Romanesque buildings, supporting system of 
Gothic cathedrals, etc.). Vault ties and tie rods secure the transfer of the horizontal component of 
the resultant support forces in the mounting of vaults onto the supporting structure and, to some 
extent, the vault shape. Similar to the arched supporting system of Gothic buildings, vault ties 
reduce the requirements for the bending stiffness of the supporting structure (columns, walls) 
allowing their more subtle design. Their absence, insufficient dimensions or effectiveness are the 
most common causes of failure in vaults.  

The reinforcement (strengthening) of the vault by overall reinforcement, or by additionally 
installed monolithic, precast and steel strips, or strips of high-strength FRP composites installed 
along the whole length on the back of the vault and anchored to the vertical supporting structure 
increases the resistance of the vault to dynamic effects. To achieve the required effectiveness of 
the vault reinforcement by additionally installed strips the immovability and stability of the supports 
and the foundation structure is necessary (see Figure 3c).   

 

 
 

Fig. 4 – Schematic representation of the reinforcement of vaulted structures using carbon  
(glass, aramid etc.) fabrics based composites 

By applying FRP composites based on high-strength fibers, the resistance (load-bearing 
capacity, stability) of reinforced vaulted structures to dynamic effects can be increased. This 
property may be advisably used to increase the resistance of mainly historic vaults of e.g. sacral 
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buildings exposed to dynamic effects due to technical and natural seismicity in seismically active 
regions, or to increase the resistance of structures to the effects of extreme loads (Figure 4 and 
Figure 5). Composites (strips of fabric made of CFRP or GFRP fibers, or carbon lamellas bonded 
and glued with epoxy adhesives) should be applied on the back of vaulted structures along the 
whole length of the vault, or locally on the face of the vault in areas of tensile stresses (Figure 6). 
Similarly, the overall stiffening of the system of supports or the building can be achieved by carbon 
lamellae situated around the perimeter of the building, installed flatly in shallow grooves or inserted 
in grooves in the masonry (e.g. in places of bed joints). 

 

 
 

Fig. 5 – Schematic representation of the reinforcement of vaulted structures using carbon plates 
and steel ties due to the seismic loads and extrados using high strength strips (plates, lamellas) 
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Fig. 6 – Optimal arrangement of reinforcing composites based on high-strength fabrics and 
lamellas on barrel vault, a) Overall reinforcement of the barrel masonry vault on the intrados and 

extrados (using high strength fabrics), b) Reinforcement of the barrel masonry vault on the intrados  

 

Partial reinforcement of the vault can be achieved by additional execution of vault backings. 
Vault backings built, as a rule, to 1/3 to 2/3 of the vault extrados height, especially at higher vaults, 
favourably affect the pressure line course and effectively secure the foot joint and hazardous 
cross-sections at the back of semicircular barrel vaults against opening and deflection 
(transforming the vault with a rise v/l > 0.3 into a vault with a lower rise, e.g. v/l < 0.2 l). The 
backing must have sufficient stiffness and strength to be able not only to withstand but also to react 
immediately to horizontal deformations of the vault in the so-called hazardous cross-section areas, 
and, particularly, to an increase in the horizontal force at the “toe” of the transformed vault due to 
the effect of dynamic loads and thus enhance the vault stability and resistance. 

Additional insertion of dampening devices and elements between the foundations and the 
masonry superstructure (systems with a controlled response) requires very complex technological 
solution when applied on existing buildings. Therefore, passive systems are often used as the 
basic protective measure against the effects of seismicity in historic and heritage buildings, 
including a number of measures focused on preventive strengthening of the structure to avoid its 
damage. 

 

Note: Load-bearing systems with a “controlled response” (stiffness of individual floors), with inserted 
elements and devices for the dissipation of energy and reduction of dynamic effects caused by dynamic 
loads can be designed:    

 on the principle of passive or active elements reducing the risks of structural damage or a complete 
building’s collapse during an earthquake,  

 by inserting active elements and components which detect (record) the foundation subsoil movement 
induced by seismic or extreme wind effects (wind blasts) and actively respond to it. 

 



 
  Article no. 39 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

             DOI 10.14311/CEJ.2020.04.0039 455 

 

BEHAVIOR OF BARREL VAULTS UNDER SEISMIC LOADING 

A frequent cause of vault failures in regions with increased risk of natural seismicity is their 
inelastic response to dynamic effects (Figure 7). Experimental research [13, 33] has manifested a 
decrease in the vault stiffness due to repeated dynamic loads - seismicity, traffic impacts, mining, 
etc. - which, in the interaction with e.g. a permanent vertical load, gradually cause the appearance 
and development of microcracks and cracks, the growth and propagation of cracks arising usually 
due to other permanent and cyclic loads, up to the failure of the structure – by a gradual increase 
in deformations in individual load cycles. The velocity of this process, the gradual decrease in the 
vault stiffness, depends on the intensity of the vaulted structure response during the occurrence of 
repeated dynamic loads. The decrease in the vault stiffness (Figure 8a) due to the growing vault 
damage is accompanied by a decrease in the vault natural frequencies (Figure 8b). 

 

 
 

Fig. 7 – Examples of the failure of a barrel masonry vault with vaulted openings and cross vault of 
a historic building (Loretto near Bor u Tachova, West Bohemia, Czech Republic, 17th cent.) 

 

 
 

Fig. 8 – a) Experimentally determined decrease in the stiffness of vault structures,  
b) Experimentally determined decrease of natural frequencies (1st – 3rd) 
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The results of experimental research [13,33] have shown a decrease in the stiffness of a 
masonry barrel vault with a tendon after each load “cycle” of static and dynamic loading, which was 
reflected in the overall increase in deformations and a lowering of natural frequencies and, in some 
cases, even in an increase in internal damping. The cause of a change in the vault stiffness was 
the formation of microcracks, the development and propagation of cracks and, in the first load 
cycles, also the vault consolidation, especially by additional compression of contact joints (mortar - 
masonry unit) in the bed joints of the vault masonry. The obtained results are extremely important 
for the evaluation of the residual life of primarily the vaults of historic buildings located in 
seismically active regions or in places with intensive technical and induced seismicity (mining 
activity, quarrying, traffic etc.). 

 

Note: The dynamic response can be utilized to determine potential damage to the structure that may 
be complicated to detect in other ways. Assuming a low level of dynamic (i.e. non-destructive) excitation, the 
principle of such tests is to compare the dynamic characteristics of the structure. The characteristics most 
often refer to resonant frequencies and their respective oscillation shapes. A change in the frequency, most 
often a decrease, may be a sign of the appearance of internal cracks in the tested vault. A change in the 
shape of the oscillation then indicates its global failure. 

CONCLUSIONS 

The rehabilitation design of a historic masonry building with vaults exposed to dynamic 
effects in terms of its overall protection against the occurrence of failures and damage requires a 
detailed analysis of the supporting system of the historic building, including its adjoining structures, 
and, based on the overall assessment, the execution of appropriate modifications, rehabilitation 
and additional measures to secure the supporting system. The analysis and design of complex 
measures for the protection of the building must be preceded by a detailed survey. The scope of 
individual protective measures depends on the specific situation, design and condition of the 
historic building 
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ABSTRACT 

     TBM has been used extensively in civil engineering activities and plays an important role in 
tunnelling projects. Hence, the penetration rate of these machines plays a crucial role in the success of 
their application. Therefore, in order to predict the TBM penetration rate in this study in several water 
conveyance tunnels including the tunnels of Karaj, Ghomrood, Golab, Nosoud and Sabzkooh, four 
intelligence techniques including multiple linear and nonlinear regression analysis, Gene Expression 
Programming (GEP) method, and Support Vector Machine (SVM) were applied. The obtained values of R2 
and RMSE included 0.43 and 3.08 for linear regression, 0.68 and 2.3 for nonlinear regression, 0.74 and 
2.09 for GEP method and 0.97 and 0.6 for SVM method, respectively which were utilized to predict TBM 
penetration rate. By investigating the tunnels database, the results indicated that the SVM method had the 
most accurate prediction of penetration rate (in terms of R2 and RMSE) and the maximum amount of R2 
and the minimum amount of RMSE among all predictive modelings. Finally, respecting the amount of R2 
and RMSE, the other methods like GEP method, nonlinear regression, and linear regression are listed to 
have the required accuracy in predicting penetration rate. 

KEYWORDS 

Linear regression, Non-linear regression, Gene expression programming, Support vector machine 

INTRODUCTION 

 Nowadays, the application of mechanized tunnelling has been extensively developed around the 
world. Due to ever-increasing advance of studied or constructed tunnelling projects (e.g. water conveyance 
tunnels, subway tunnels and road tunnels), and also the importance of construction time, the use of 
mechanized tunnelling has been important [1]. The proper use of these tunnelling devices would only be 
feasible by considering a number of factors including the selection of an appropriate tunnel boring machine, 
technology transition system, excellent management and project condition as well [2]. Thus, Tunnel Boring 
Machines (TBMs) would be a significant option for every tunnelling project due to their capabilities and high 
advancement rates [3]. In the beginning, the only capability of a mechanized excavation tool has been 
boring and advancement. In the course of time and through the increased need for high boring and 
advancement rates, several lateral capabilities such as the conveyor system for evacuating muck, 
temporary and permanent support of excavated areas have been added [4]. In empirical modelling of TBM 
performance, the machine and ground have been assumed as a continuous system which simultaneous 
effects on the machine's performance were not so precise and detailed rather it might have been entered to 
the model unknown [5]. The other category of empirical models was mainly developed by some 
experimental studies based on one or several parameters of rock or through the prediction index of rock 
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performance. Due to the similarities of TBM disc cutter mechanism to one or few numbers of the tests by 
prediction indices, there is a close relationship between the results and disc (or generally TBM) penetration 
rate [6]. This group of predictive models are basically different from the other categories since the 
prediction indices depend on some experimental studies which are generally carried out for the purpose of 
simulating rock cutting process. Hence the prediction of TBM penetration rate or the cutting forces are 
associated to the cutting process. The penetration tests can be an example of this kind. The indices might 
be used in some empirical field modelling along with other parameters [7]. Forecasting TBM penetration 
rates is one of the issues that has received considerable attention for estimating the timing of a project. 
Many researchers have proposed several methods to estimate TBM penetration rate [8]. In many models, 
only a few basic parameters are used to analyze the model and the influence of other parameters is 
ignored [9]. In the present study, TBM penetration rate was investigated by four different approaches 
including linear and nonlinear regression, Support Vector Machine (SVM) and Gene Expression 
Programming (GEP) algorithm. 

MATERIAL AND METHODOLOGY 

Ghomrood water conveyance tunnel 

Ghomrood water conveyance tunnel is located 25 km southeast of Aligudarz city in Lorestan 
province [10]. 

Golab water conveyance tunnel 

The Golab water conveyance tunnelling project was proposed by Isfahan province in order to 
transfer the drinking water of Kashan [11]. 

Karaj water conveyance tunnel 

Regarding the administrative divisions of Iran, the range of the Karaj water conveyance tunnel 
project has been located in the north of Tehran which is considered as the mountainous regions of the 
south of Alborz mountain range.  
This tunnel has been located in Alborz formation which the constitutive rocks of the region mainly consist of 
pyroclastic sedimentary rocks including green tuff, shear tuff, silty tuff of sandstone tuff and intrusive 
masses of Monzodiorite and Monzogabbro. The largest fault of the region in the tunnel route is Purkan-
Vardij fault [12]. 

Nosoud water conveyance tunnel 

The Nosoud water conveyance tunnel, with a length of 49 km, is part of a large tropical water 
supply plan for the western part of the Iran [13]. 

Sabzkooh water conveyance tunnel 

The Sabzkooh water conveyance tunnel is located in the vicinity of Sakiabad village within a 
distance of 7 km to Choghakhor dam and 68 km to Shahr-e Kord in Chaharmahal and Bakhtiari Province. 
The route of Sabzkooh tunnel is oriented in the north margin of Zagros mountain ranges in the high central 
sections of the structural Zagros zone and passes through the north edge of the Sabzkooh syncline. The 
geology of the region consists of sedimentary rocks which have been occurred as folded zones, faults, 
shear zones and sutured and altered surfaces [14]. 
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Regression 

Regression is the statistical analysis technique which is used in the most engineering and non-
engineering analyses. This approach is extensively utilized to ensure data validity and the results of 
modelling, which is evaluated by the determination coefficient (R2). The determination coefficient (R2) 
represents the accuracy of the graph and data validation. Regression analysis is used to determine the 
contribution of independent variables for predicting the dependent variable [15]. In regression analysis, the 
objective is to predict dependent variable changes with respect to independent variables. Multivariate 
regression analysis is well suited to study the effects of independent multivariate variables on the 
dependent variable. [16].  

Gene Expression Programming (GEP) 

One of the branches of evolutionary processing is gene expression programming. In gene 

expression programming, we try to use computer genetics algorithms, and the concepts of decomposition 

trees for specific applications, instead of writing the required program code, allowing the computer to know 

the program just by knowing the general meaning of the work. In fact, we give a high-level command to the 

computer and the computer itself prepares the necessary program to run the program, then runs the 

program and provides us with the desired output. Genetic expression programming, abbreviated GEP, 

uses genetic algorithms to write computer programs. In this case, the variables are programming 

structures, and the output is the program's ability to achieve goals. Minor changes are needed in genetic 

algorithm operations such as mutations, reproduction, and cost function assessment to use them in GEP. 

In fact, GEP is a computer program that writes other computer programs. In order to develop and run the 

models based on GEP, Genexpro tools are applied in the current study. The mentioned program was 

based on GEP. The GEP is the newest revision of the genetic programming which analyzes different 

computer programs. One of the GEP advantages is that the genetic diversity indicators are very simple, 

thus genetic operators act in chromosome level [17]. Moreover, another advantage of this technique is the 

unique nature of multigene, which could prepare the evaluation process of the complicated models 

including the parameters listed below. Table 1 indicates the GEP parameters. 

Tab. 1 - GEP parameters 
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Support Vector Machine (SVM) 

SVM is a classifier or a border which determines the best classification and separation among the 
data by utilizing the support vectors [18]. In the SVM, the principles of the learning machine and creating a 
model is the only data placed in the support vectors [19]. This algorithm is not sensitive to the other points, 
and it aims to find an optimal line of data so that it has the maximum allowable distance with regard to all 
classifications (the support vectors) [20]. In a simple way, the support vectors are a set of points in n-
dimensional space of data which determine the border of classifications, so that the data classification 
could be carried out. The classification output can be changed as a result of moving one of the vectors [21]. 
The specification of SVM used in predicting penetration rate was listed in Table 2. 

Tab. 2 - SVM parameters 

Model type ε-SVR 

Kernel function Gaussian function (Radial basis function (RBF)) 

Degree 2 

ε 0.1 

C 1000 

s 0.5 

Evaluation parameters 

     In this paper, the determination coefficient (R2) and root-mean-square error (RMSE) have been utilized 
to evaluate the parameters. The determination coefficient (R2) indicated a tiny percentage of the 
independent variable changes which was determined by a dependent variable. The best value for the 
coefficient of determination varies between one and zero. Thus, the closer to the one, the better results will 
be achieved. RMSE is the standard deviation of the predicted amount by a model or the statistical 
estimator and the real (measured) amount [22]. 

The data 

The input and output variables of the predictive modelling of TBM penetration rate are illustrated in 
Table 3. In this step, the data of the five mentioned tunnels (the case studies) are merged which the 
descriptive statistics of the data which are represented in Table 4. The description of the projects is shown 
in the Table 5. 

Tab. 3 - Input and output variables of predictive modeling of TBM penetration rate 

Input variable 

Variable type Symbols used in the model 

Uniaxial Compressive Strength UCS 

 Brazilian Tensile strength BTS 

Rock Quality Designation (RQD) RQD 

Cohesion C 

Elasticity Modulus E 

Poisson’s ratio ν 

Density D 

Joint angle JA 

Joint spacing JS 

Output variable Penetration rate PR 
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Tab. 5 - The description of the projects 

RESULTS 

TBM penetration rate prediction in the five tunnels using linear regression model 

In order to TBM penetration rate prediction for single tunnels, the assumptions used in the 
predictions are kept, and the data of each five tunnels are merged. Therefore, the prediction of TBM 
penetration was carried out on the overall database. Table 6 represents the coefficient of determination 
related to the multivariate linear regression modeling which is applied for predicting TBM penetration rate in 
database. 

The values of regression coefficients related to predictive modeling of the penetration rate are also 
shown in Table 7. Furthermore, the nonlinear relationship, created by the coefficients, between the 
independent variables and the penetration rate are described in Equation 1. Additionally, using the 
predictive modelling, the Dispersion diagram and Coordination diagram of the measured and the predicted 
values of penetration rate have been illustrated in figures 1 and 2, respectively. 

No Project TBM type TBM diameter 
(m) 

Lithology 

1 Karaj water conveyance 
tunnel, Lot 1 (Iran) 

Double shield 
(Herrenknecht) 

4.65 Tuffs, Shaly and Sandy Tuffs, 
Agglomerate 

2 Ghomrood water 
conveyance tunnel, Lots 2, 
3 & 4 (Iran) 

Double shield (Wirth) 4.525 Limestone, Shale and sandstone, 
Slate, 
Phyllite, Schist with quartzitic veins 

3 Nosoud water conveyance 
tunnel, Lot 2(Iran) 

Double shield 
(Herrenknecht) 

6.73 Limestone, Shale and Limy Shales 

4 Sabzkooh water 
conveyance tunnel, (Iran) 

Double shield 4.5 Limestone, Dolomite 

5 golab water conveyance 
tunnel, (Iran) 

Double shield (Wirth) 4.53 Phyllite,sandstone,conglomerate,shale 

Tab. 4 - Descriptive statistics of the data used in the five tunnels 

 UCS (MPa) 
 BTS 
(MPa)  (RQD)  )%(  C (MPa) E (GPa) ν 

D 
(g/cm3) JA (Deg.) 

JS (m) 
PR(m/hr) 

Mean 60.0981 9.6179 54.28 2.3001 8.9689 0.2859 2.5556 31.3686 0.7563 8.0513 

N 491 491 491 491 491 491 491 491 491 491 

Std. Deviation 43.41903 2.78877 18.038 3.82586 7.95887 0.05486 0.11110 7.80257 0.39740 4.10796 

Minimum 5.36 5.00 20 0.20 0.50 0.20 2.30 14.00 0.17 0.74 

Maximum 199.60 15.00 95 23.89 62.00 0.40 2.84 57.00 1.60 26.62 

Variance 1885.213 7.777 325.352 14.637 63.344 0.003 0.012 60.880 0.158 16.875 

Harmonic Mean 30.2964 8.7910 46.56 0.5817 3.8961 0.2749 2.5507 29.4610 0.5387 5.9592 

Geometric Mean 43.7932 9.2053 50.71 1.0390 6.3386 0.2805 2.5531 30.4146 0.6453 7.0690 

Std. Error of Mean 1.95947 0.12586 0.814 0.17266 0.35918 0.00248 0.00501 0.35213 0.01793 0.18539 
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Tab. 6 - The coefficient of the determination of the linear regression for predictive modeling of TBM 
penetration rate in the tunnels database 

Model Summary 

Model R R Square Adjusted R Square Std. Error of the Estimate 

1 .660a .436 .425 3.11377 

a. Predictors: (Constant), UCS (MPa), BTS (MPa), RQD (%), C (MPa), E (Gpa), V, Density (g/cm3), Joint
Angle (Deg.), Joint_Spacing(m)

Tab. 7 - Coefficients of linear regression for predictive modelling of the penetration rate in the five tunnels 

Coefficientsa 

Model 

Unstandardized Coefficients 
Standardized 
Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) .818 .841 .972 .331 

UCS (MPa) -.008 .005 -.077 -1.576 .116 

BTS (MPa) .241 .028 .577 8.629 .000 

RQD(%) -.053 .012 -.215 -4.297 .000 

C (MPa) -.088 .024 -.154 -3.683 .000 

E (Gpa) -.100 .025 -.264 -4.047 .000 

V -.024 .024 -.071 -.982 .326 

 Density (g/cm3) 3.097 .417 .328 7.434 .000 

Joint Angle (Deg.) .126 .013 .395 9.521 .000 

Joint_Spacing(m) -1.779 .237 -.293 -7.494 .000 

a. Dependent Variable: PR (m/h)

 (1) 
0.818 - 0.008* 0.241* - 0.053*

-0.088* - 0.1* - 0.024* 3.097* 0.126* -1.779*

UCS BTS RQD

C E JA JS

PR

D
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Fig. 1 – Dispersion diagram for five tunnels using linear regression model 

Fig. 2 – Coordination diagram for five tunnels using linear regression model 

TBM penetration rate prediction in the five tunnels using nonlinear regression model 

For predicting the penetration rate in the single tunnels, the assumptions used in the prediction 
were kept, and the related information of each five tunnels were merged. Table 8 represents the coefficient 
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of determination related to multivariate nonlinear regression modeling which is applied for the predicting 
TBM penetration rate in the five tunnels. Also, the values of regression coefficients related to the predictive 
modeling of the penetration rate in these five tunnels are shown in table 9. Furthermore, the nonlinear 
relationship, created by the coefficients, between the independent variables and the penetration rate are 
described in Equation 2. Additionally, the Dispersion diagram and Coordination diagram of the measured 
and the predicted values of penetration rate using the predictive modeling have been illustrated in figures 3 
and 4, respectively. 

Tab. 8 - The coefficient of determination of the nonlinear regression for predictive modeling of TBM 
penetration rate in the five tunnels 

Model Summary 

Model R R Square Adjusted R Square Std. Error of the Estimate 

1 .827a .685 .679 2.32887 

a. Predictors: (Constant), UCS(MPa)(cub), BTS(MPa)(cub), RQD (%) (exp), C(MPa)(inv), E(GPa) (quad),
V(pow), Density(g/cm3) (cub), JA(Deg.) (cub), JS(m) (inv)

Tab. 9 - Coefficients of nonlinear regression for predictive modeling of penetration rate in the five tunnels 
Coefficientsa 

Model 

Unstandardized 
Coefficients 

Standardized 
Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) -24.746 2.607 -9.494 .000 

UCS(MPa)(cub) .598 .043 .386 13.779 .000 

BTS(MPa)(cub) -.096 .035 -.096 -2.723 .007 

RQD(%)(exp) .506 .130 .129 3.904 .000 

C(MPa)(inv) .683 .099 .217 6.869 .000 

E(GPa) (quad) -.150 .112 -.039 -1.337 .182 

V(pow) .838 .192 .157 4.368 .000 

Density(g/cm3) (cub) 1.067 .143 .240 7.441 .000 

JA(Deg.) (cub) .079 .011 .237 7.388 .000 

JS(m) (inv) .659 .053 .380 12.373 .000 

a. Dependent Variable: PR (m/h)

(2) 

2

2 3 0.009

2 0.008ν 2 3

2

39.9 0.29 0.004 0.066

1.14
0.04 0.0001 5.51 0.04

0.0009 5.64 28.16D 11.47D 1.58D

0.274
0.05 0.001

RQD

PR UCS UCS BTS

BTS BTS e E
C

E e

JA JA
JS
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Fig. 3– Dispersion diagram for five tunnels using nonlinear regression model 

Fig. 4 – Coordination diagram for five tunnels using nonlinear regression model 

Prediction of TBM penetration rate in the five tunnels using Gene Expression Programming 
(GEP) method 

To predict the TBM penetration rate related to the single tunnels, all the assumptions used in the 
predictive models were kept, and the data of each five tunnels were merged. Figure 5 shows R2, RMSE 
and Dispersion diagram related to Gene Expression Programming (GEP) which are used to predict TBM 
penetration rate in the five tunnels.  Besides, Coordination diagram of the measured and predicted values 
of penetration rate using GEP predictive modeling have been represented in Figure 6. Binary expression 
tree of predictive modeling of the penetration rate in the tunnels, created by GEP model, between the input 
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variables and penetration rate have been illustrated in Figure 7. Also, the equation of GEP model is 
described in Equation 3. 

Fig. 5 – Dispersion diagram for five tunnels using GEP model 

Fig. 6 – Coordination diagram for five tunnels using GEP model 
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Fig. 7 – Binary expression tree of predictive modeling of the penetration rate using GEP model in the five 
tunnels 



Article no. 40 

THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 DOI 10.14311/CEJ.2020.04.0039  470 

Prediction of penetration rate in Sabzkooh water conveyance tunnel using Support Vector 
Machine (SVM) method 

In order to predict the TBM penetration rate for the single tunnels, the assumptions used in the 
prediction were kept, and the data of each five tunnels were merged. R2, RMSE and Dispersion diagram 
relating Support Vector Machine (SVM) model have been presented in figure 8. They were used to predict 
TBM penetration rate in the five tunnels. This figure indicated a fitting line between the measured values 
and the best fitting curve (y=x). As can be seen in figure 8, most of the predicted and measured values 
except some points were fitted on the bisection line, which implied the equality of the measured and 
predicted values based on the line y=x. Moreover, figure 9 presented the Coordination diagram of the 
measured and predicted values of penetration rate using the SVM method. 

Fig. 8 – Dispersion diagram for five tunnels using SVM model 
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Fig. 9 – Coordination diagram for five tunnels using SVM model 

CONCLUSION 

     Over the past three decades, many models have been proposed to predict the performance TBM 

based on theoretical and empirical research. All of these models are intended to accurately estimate TBM 

penetration rate and how the rock mass interacts with the specifications of TBM. In a realistic model, rock 

mass characteristics and TBM specifications must be considered to evaluate TBM performance. One of the 

significant parts of every tunnelling project is related to the study of TBM performance which plays a key 

role in selecting the method and TBM. Hence, a feasibility study of predicting TBM penetration rate using 

effective parameters was carried out. In order to predict TBM penetration rate, several methods including 

multiple linear and nonlinear regression analysis, GEP and SVM have been utilized. As a result, to achieve 

an acceptable relationship, nine effective parameters including field data and machine parameters were 

considered as the independent variables, and TBM penetration rate (PR) has been assumed as the 

dependent variable. Also, a linear or nonlinear relationship between the independent variables and TBM 

penetration rate was obtained. In this paper, R2 and RMSE have been applied to estimate the accuracy 

and the efficiency of the predictive modeling of TBM penetration rate. The obtained values of R2 and RMSE 

included 0.43 and 3.08 for linear regression, 0.68 and 2.3 for nonlinear regression, 0.74 and 2.09 for GEP 

method and 0.97 and 0.6 for SVM method, respectively. The results indicated that in most cases, Gene 

Expression Programming (GEP) method had higher accuracy and efficiency (in terms of (R2) and RMSE) 

than the multivariate linear and nonlinear regression in predicting TBM penetration rate. It was remarkable 
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to note that Gene Expression Programming (GEP) method required a basic knowledge to realize the 

concept of this method and the capability of interpreting specific outputs compared to the linear and 

nonlinear regression techniques. The analyses represented that the Support Vector Machine (SVM) 

method showed better performance (in terms of (R2) and RMSE) with regard to the other techniques (linear 

and nonlinear regression method and GEP algorithm). In addition, the maximum amount of R2 and the 

minimum amount of RMSE were allocated to the SVM method among all predictive modeling. 
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ABSTRACT 

To research the seismic damage characteristics, mechanism and vulnerability of multi-
storey reinforced concrete (RC) frame structures, statistics and analysis, were made on 930 RC 
frame structures in Dujiangyan during Wenchuan earthquake, China. Firstly, seismic damage of 
RC frame structure in Dujiangyan is investigated comprehensively. According to the investigation 
results, easily damaged locations of this kind of structural system are: infilled wall, frame column, 
beam-column, joints and stairs. However, a large number of RC frame structures are basically 
intact or slightly damaged. By using the method of numerical statistical analysis, the non-linear 
relationship model and the fitting curve of seismic damage investigation samples under multiple 
seismic damage grades are given. Considering the number of stories, multiple ages and seismic 
fortification influencing factors, the empirical seismic damage situation of structures under each 
factor is analyzed, and the non-linear regression curve is developed. The empirical seismic 
vulnerability matrix and continuous regression function model and curve of RC frame structure in 
multi-intensity region are established. A calculation model of mean seismic damage index (MSDI) 
is proposed, and the vulnerability matrix and regression curve based on this parameter are given in 
combination with the empirical seismic damage investigation data. The above research results can 
provide a basic reference for vulnerability analysis and intensity scale revision of RC structures. 

KEYWORDS 

RC frame structure, Seismic damage field observation, Vulnerability analysis, Mean 
damage seismic index (MDSI), Seismic intensity 

INTRODUCTION 

On May 12, 2008, at 14:28:4, Ms8.0 earthquake occurred in Wenchuan County, Sichuan 
Province, China. The instrument epicentre was located in Baihua Town, Wenchuan County, Aba 
Prefecture. The seismographs fault was located in the Longmenshan fault. The macro epicentre 
was located in Yingxiu Town, with a focal depth of 14km. The absolute disaster area reached 
100,000 square kilometers. Earthquakes were felt in Southern China, Japan, Thailand and the 
Philippines [1]. Tsinghua University, etc. [1], has carried on the investigation of earthquake damage 
to RC frame structure, analyzed the damage characteristics of non-structural components such as 
enclosure structure and infilled wall. The causes of serious damage caused by poor construction 
quality and complicated structure layout are analyzed, and the seismic measures to improve the 
structure are put forward. Li Hongnan et al. [2], carried out on-site seismic damage observation on  
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engineering geology seismic damage, structural earthquake damage and lifeline project seismic 
damage. Three main damage characteristics of RC frame structure were given. Sun Baitao et al. 
[3], analyzed the damage characteristics and causes of multiple types of structures in Wenchuan 
earthquake, field investigated 5000 structural damage samples, and gave the failure characteristics 
of RC structures mainly in the maintenance structure, the junction of filling walls and beams and 
columns. Li et al. [4], through investigating and analyzing multiple typical seismic damaged 
structures in Wenchuan earthquake, the failure characteristics and causes of typical structures are 
given. Li et al. [5], Combined with 2178 bottom frame seismic wall structures in Dujiangyan City, 
conducted seismic damage investigation and analysis, and gave typical failure characteristics of 
this type of structure. 

Manfredi. et al. [6], damage characteristics of RC frame structures in Emilia earthquake in 
Italy in 2012 are analyzed, and the intensity evaluation and vulnerability analysis of RC frame 
structures are carried out by using EMS-98 intensity scale. Westenenk.et al. [7], the damage 
analysis of frame shear wall structure in the 2010 Concepción earthquake in Chi Chi was carried 
out, and the failure proportions of the structure under N-S and E-W ground motions were given. 
Lin. et al. [8], the site investigation of the structural damage in Lushan earthquake in 2014 was 
carried out. The damage investigation pictures of column foot, joint, short column and masonry wall 
of RC frame structure were given. The acceleration time history curve was given based on the 
actual ground motion parameters. Maeda.et al. [9], combined with the seismic damage survey data 
from north-eastern Japan in 2011, carried out in-depth research. Considering the instrumental 
intensity theory, the acceleration time history curve and the acceleration response spectrum curve 
of 5% damping are given by using the ground motion parameters measured by different stations, 
and the vulnerability relationship between the seismic damage parameters and the seismic 
damage grade is established. Eleftheriadou.et al [10], collected the data of structural seismic 
damage investigation in southern Europe, established the vulnerability matrix based on 178578 
buildings, calculated and gave the relative and cumulative frequency of each structural type and 
damage grade according to the damage ratio, obtained the vulnerability probability matrix (DPM) of 
RC frame structure, masonry structure and other typical structures.  

In the field investigation, it is not comprehensive to select only some discrete survey points 
for structural seismic damage analysis and vulnerability study. In order to comprehend more 
accurately and comprehensively the damage characteristics of RC structures in a multi-intensity 
region, a vulnerability matrix based on empirical seismic damage is established and a typical 
region is selected. It is necessary to conduct comprehensive seismic damage investigation. 

 

FIELD OBSERVATION OF RC FRAME STRUCTURE 

According to the analysis of the results of seismic damage investigation of RC frame 
structure in Dujiangyan city, this kind of structure is extensively used because of its flexible layout, 
easy to take large bays, strong practicability and mature construction technology. Therefore, the 
author and the relevant seismic damage investigators carried out a detailed investigation of the 
above vulnerable locations. 

Failure of filled wall 
The failure of infilled wall is the most prominent in the investigation of seismic damage of 

RC frame structure. In the lower intensity zone, the horizontal earthquake action destroys the 
connection of frame column, beam and infilled wall, produces horizontal and vertical cracks around 
the extended infilled wall, as shown in Figure1.  

In higher intensity zone, X-shaped cross-inclined cracks or unidirectional inclined cracks 
appear in the filling wall due to the reciprocating effect of ground motions. This phenomenon is 
more obvious at the opening of the tunnel, as shown in Figure 2. When the seismic parameters 
reach the peak value, the infilled walls absorb a lot of energy, and even collapse locally or wholly. 
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As shown in Figure 3, the main reason is the lack of effective tie with columns and beams. Plane 
instability occurs first under seismic action, which cannot well resist seismic action together with 
the main bearing members. 

    

Fig. 1 – Cracks around filling wall 

(a) (b) (c) (d) 

Fig. 2 – Filling wall cracks: (a) (b) (c) filling wall cross-oblique cracks; (d) opening unidirectional 

cracks 

 

(a) Partial collapse of 

bottom filling wall 

 

(b) Integral collapse of 

second-story filling wall 

Fig. 3 – Filling wall collapse 

However, from the analysis of the effect of the infilled wall, it has become the first seismic 
defence line of the whole RC frame structure to a certain extent, absorbed part of the vibration 
energy and played the role of energy dissipation and shock reduction. Therefore, the damage of 
the main structure has been delayed, especially in the higher intensity zone, which has played a 
role of protection for the principal structure in a certain sense. In seismic design, full consideration 
should be given to the anti-seismic effect of infilled walls to enable them to more accurately 
estimate the anti-seismic capacity of RC frame structures. The stiffness ratio between layers 
should be reasonably controlled to prevent damage caused by too weak bottom. 
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Failure of frame columns, beams and joints 

Depending on the results of seismic damage investigation of RC frame structure in 
Dujiangyan city, the damage characteristics of beams, columns and joints are basically the same 
as those of Muisne in 2016 and Emilia in 2012. Damage of frame columns is more serious than 
that of beams. Because of the complex force on the top of the column, under the coupling action of 
shear force, bending moment and axial force, brittle failure of concrete at the end, longitudinal 
buckling of reinforcing bars, failure of stirrups, inclined cracks and yielding of longitudinal bars often 
occur. Due to improper setting of stirrups on the top of the column, most of them are 90 degree 
bending hooks [10], incongruity effectively cooperate with the longitudinal bars to resist 
earthquake, and the stirrups of the column are insufficiently allocated or anchored, resulting in 
damage. As shown in Figure 4. The phenomenon of "strong beam and weak column" appears. 
Considering the effect of floor space and distributed reinforcement, and the excessive 
reinforcement of the beam, it contributes to the beam to a certain extent, resulting in lighter 
damage of the beam than that of the column. However, also a few cases of negative bending 
moment near the end of the beam, which leads to shear failure at the end of the beam, as shown 
in Figure 5. Under the influence of reciprocating seismic excitation, the beam-column joints are in 
the state of shear-compression composite stress, the concrete at the top of the column is peeled 
off, the steel bar is bent and exposed, and the crack damage occurs at the end of the beam, as 
shown in Figure 6. The low ratio of stirrups at joints leads to brittle failure. The poor quality of 
concrete pouring constitutes one of the factors leading to joint failure due to the dense 
arrangement of reinforcement at joints. The mechanism of beam hinges and "strong columns and 
weak beams" should be studied in depth to ensure that the structure has sufficient shear 
resistance and ductility, to control the axial compression ratio of frame columns, to consider 
appropriate enlargement of the design cross-section size of the bottom frame columns, to ensure 
their strength, and to ensure that the stirrup spacing at the top of the columns is small enough to 
ensure that the bottom has sufficient overall stiffness. 

   
Fig. 4 – Failure of frame 

beams and columns 

Fig. 5 – Failure of frame 

beams end 

Fig. 6 – Failure of joint 

Staircase damage 

The investigation found that staircase damage occurred in multi-intensity zones. Some 
outdoor staircase steps were broken into several sections, Steel bars were exposed and distorted 
and yielded, staircase platform beams and stirrups were broken. As shown in Figure 7, concrete 
was crisped and the protective layer was severely peeled off, staircase panels were broken, as 
shown in Figure 8, a large number of staircase walls were cracked and damaged, as shown in 
Figure 9. The function of stairs is not considered in the calculation and analysis of seismic system 
of RC frame structures, but the investigation of empirical seismic damage shows that stairs 
increase the lateral stiffness of structures to a certain extent and contribute to seismic resistance. 
Stairs and staircases are subjected to considerable shear force and bending moment under 
reciprocating earthquake action. Serious damage often occurs at the end of staircase beams, 
slabs, and the middle part of the span. Steel bars leak out, buckle, and concrete to crumble. The 
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seismic design of stairs in RC frame structures should be considered reasonable to effectively 
improve the overall connection with the main frame. 

   

Fig. 7 – Fracture of stair 

platform beam 
Fig. 8 – Stairboard midspan 

breakage and failure 

Fig. 9 – Cracking of 

staircase wall 

Structural collapse 

In the investigation of seismic damage in high intensity regions, it was found that some RC 
frame structures without seismic design and poor construction quality had partial or overall 
collapse, which was more prominent in the Kashmir earthquake in Pakistan in 2005 and Simav 
earthquake in Turkey in 2011. The main reasons for the damage are that the structure layout is 
relatively complex. Some of these structures are generally located in township areas, built by the 
residents themselves, lack of formal design and construction supervision, random material 
selection and structural form, poor construction quality and high intensity regions, which to some 
extent aggravate the damage degree of the structure, such as Figure 10 shows. It is necessary to 
pay full attention to the seismic design of this kind of structure in township areas, and strictly 
follows the design specifications for construction in order to improve the quality of engineering 
structures. 

 

(a) Partial collapse 

 

(b) Ensemble collapse of bottom layer 

Fig. 10 – Collapse failure 

Basically intact 

In the investigation of RC frame structures, most of the buildings suffer less seismic 
damage, even almost intact. Most of these structures are multi-storey RC frame structures in 
earthquake regions. Even in the high intensity region of Ⅺ degree, there is still quite a number of 
such structures which have been designed aseismic. The damage grade is slight damage or 
basically intact. According to seismic fortification of Ⅶ degree in Dujiangyan city, this kind of 
structure shows great aseismic potential, as shown in Figure 11. 
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Fig. 11 – RC frame structure after seismic design basically intact 

 

FIELD OBSERVATION DATA ANALYSIS 

The seismic damage investigation team conducted a total sampling survey of 8625 
buildings in Dujiangyan city, and assessed the seismic damage grade of each building. The main 
structural types of the city: masonry structure (MS), bottom frame-seismic wall masonry structure 
(BFM), reinforced concrete frame structure (RC), single-storey concrete and brick workshop (SSB), 
and other types of buildings (OS). Figure 12 displays the number distribution of structural types in 
the city. According to the Chinese Seismic Intensity Scale (GB/T 17742-1999) and Appendix A1.2 
of GB/T 1828.3-2000, the seismic damage grades of structures are classified into five criteria: 
destroyed (D5), severely damage (D4), moderately damage (D3), slightly damage (D2), and 
basically intact (D1). As shown in Table 1, seismic damage grades of structures are evaluated. In 
order to ensure that the records of seismic damage investigation more standard, the seismic 
damage grades are expressed by 51, 41, 42, 43, 31, 32, 33, 21 and 11, respectively. Due to the 
great difference of damage degree between D3 and D4 buildings, for better evaluation of the 
detailed seismic damage situation under the same seismic damage grade, the two grades are 
refined within their grades (31, 32, 33), (41, 42, 43), respectively. RC frame structure is widespread 
used in the developed and developing countries in the world, and the data are comprehensive. The 
number of seismic damage survey samples accounts for a certain proportion. In this paper, the 
seismic damage investigation and survey data of RC frame structures in multi-intensity regions are 
summarised and analysed. 

 

Data statistics and numerical analysis 

Statistical analysis of seismic damage of 930 RC frame structures in Dujiangyan City is 
carried out, as shown in Figure 13. Figure 14 shows the damage of proportional distribution of the 
structure under multiple seismic damage grades. 72% of the structures are in D1 and D2. Most of 
these buildings can be designed and constructed in accordance with the applicable chapters of the 
Code for Seismic Design of Buildings (GB50011-2001, GBJ11-89), showing good seismic 
performance. RC frame structures of D3, D4 and D5 are mostly self-built buildings without seismic 
design or are located in high intensity regions, and the seismic action is relatively large. Through 
program editing and analysis, the Polynomial cubic and Gaussian quadratic fitting curve of the non-
linear model can continuously approximate the discrete points of RC frame structure samples, the 

 value is above 0.98, therefore, we develop them as nonlinear vulnerability regression function 
models, two non-linear functional model, such as Formula (1) and (2), can be established to obtain 

the relationship between the seismic damage grade ( ) and the number of seismic damage 
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investigation samples ( ), among them, 1 2, , , , ,a b c d m m  are the regression parameters of the 

model. In which  refers only to the 9 seismic damage grades defined in this section. According 
to the empirical seismic damage survey sample data, using the above two non-linear models for 
regression, the empirical functional model and its fitting curve based on the grade of seismic 
damage and the number of seismic damage samples in the region are obtained, as shown in 
Formula (3), (4) and Figure 15. The investigation team found that the number of stories, 
construction age and seismic fortification factors of RC frame structure have a significant impact on 
the structural damage. 

  

Fig. 12 – Quantity distribution of structural 

types in Dujiangyan city 

Fig. 13 – Statistical analysis of seismic 

damage of RC frame structure 

 

Tab. 1: Quantification of provisions on seismic damage grades 

Seismic damage grade Quantitative description of provisions 

D1 Bearing and non-bearing components intact, or individual non-bearing elements of 
slight damage, without repair can continue to use 

D2 Individual bearing components have visible cracks and non-bearing components have 
obvious cracks. continue to use without repairs or minor repairs 

D3 Most load-bearing components have slight cracks, some have obvious cracks, and 
individual non-load-bearing components are severely damaged, which can be used 

after general repair. 

D4 Most of the load-bearing components are damaged seriously, and the non-load-
bearing components collapse locally, so it is difficult to repair the buildings. 

D5 Most of the load-bearing components were seriously damaged and the house structure 
was on the verge of fall or collapse. 
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Fig. 14 – Proportion distribution of seismic 

damage grade of RC frame structure 

Fig. 15 – Nonlinear model curves of sample 

number and seismic damage grade 

According to the visual inspection sample, the author carries on the statistical analysis 
separately. RC frame structure in this city, is mostly 6-storey and below buildings. Therefore, only 
6-storey and below houses are analysed, which is representative to extent. A vulnerability matrix 
considering the floor number factor is established, as shown in Table 2. Figure 16 shows the 
damage ratio (DR) regression model curve (RMC) and cumulative transcendental probability curve 
(CTPC) of the structure considering story factor. The seismic damage of the first story RC frame 
structure is obviously lighter than that of other multi-story structures. On the overall trend, the 
damage grades of D3 and D4 increase with the increase of storeys. However, it is noteworthy that 
the seismic damage of a six-storey structure is weaker than that of five-storey, but more serious 
than that of other floor structures. Considering the sudden change of floor stiffness and the 
attenuation of ground motion, the mechanism of seismic damage is relatively complex, which 
should be paid attention to, and it is necessary to perform in-depth study.  

 
Tab. 2 - Empirical seismic vulnerability matrix considering storey number factor (%) 

Structural floor number D1 D2 D3 D4 D5 

1 85.6 7.2 3.6 3.6 0 

2 72.5 11.4 10.7 5.4 0 

3 63.6 17.9 13.3 3.5 1.7 

4 67.7 10.5 10.9 8.9 2 

5 39.2 13.9 24.1 20.9 1.9 

6 41.6 27.2 17.9 9.8 3.5 

The influence factors of multiple ages of RC frame structure on the seismic damage of the 
structure remarkable discrepancy. 905 samples (25 unknown age buildings were excluded from 
930) are divided into RC frame structures built before 1990, 1991-2000 and after 2001 according to 
the years, the empirical seismic vulnerability matrices based on the above ages are established, 
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respectively, as shown in Table 3. Figure 17 shows the damage ratio and cumulative 
transcendental probability regression model curves considering the age-dependent factors, 
respectively. The RC frame structure constructed before 1990 has the greatest damage rate. With 
the increase of the years, the damage rate of the structure decreases obviously. 

  

(a) Damage ratio regression model curve (b) Cumulative transcendental probability curve 

Fig. 16 – Vulnerability curve considering floor factor 

 
Tab. 3 - Empirical seismic vulnerability matrix considering chronological factor (%) 

Age D1 D2 D3 D4 D5 

Before 1990 29.2 16.9 41.5 10.8 1.6 

1999-2000 49.9 10.7 19.9 17.7 1.8 

After 2001 62.9 19.3 11.7 5.1 1.0 

 

  

(a) Damage ratio regression model curve (b) Cumulative transcendental probability curve 

Fig. 17 – Vulnerability curve considering age factor 

Whether the seismic fortification factor is taken into account in RC frame structures in the 
seismic damage investigation area has a relatively prominent impact on their damage. 904 
buildings (26 buildings under reinforcement and construction are excluded from 930 samples) of 
the holistic field inspection sample are summarized, and the empirical regional seismic vulnerability 
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matrix based on this factor is established, as shown in Table 4. The numerical regression analysis 
is carried out and the curve of the non-linear regression model is given, as shown in Figure 18. The 
structure fortified according to the intensity of fortification in this zone is apparent superior to the 
structure constructed by township residents without considering seismic fortification. Most RC 
frame structures in the main urban area of Dujiangyan city can consider the impact of seismic 
factors on the structure. However, generous private buildings in towns and villages around the city, 
which do not consider the factors of seismic fortification, and bring about seriously damaged. The 
number of samples of RC frame structure D5 is scarce, so the regression curve is not remarkable 
for considering the difference of seismic fortification factors. To some extent, it also shows the 
seismic performance of RC frame structure in this huge earthquake. 

Tab.4 - Empirical seismic vulnerability matrix considering seismic fortification factor (%) 

Seismic 
fortification 

D1 D2 D3 D4 D5 

No fortification 43.7 12.6 25.2 17.9 0.6 

fortification 62.1 18.1 12.3 5.8 1.7 

(a) Damage ratio regression model curve (b) Cumulative transcendental probability curve

Fig. 18 – Vulnerability curve considering fortification factor 

Vulnerability analysis of empirical seismic damage 

Vulnerability of building structures refers to the probability of various degrees of damage 
when structures are subjected to multiple earthquake actions. Vulnerability analysis is also called 
earthquake damage prediction in some literature. Vulnerability analysis can be split into empirical 
statistical method, theoretical calculation method and simple method based on seismic code 
according to the characteristics of the methods used [11]. In this paper, empirical analysis method 
is utilized to analyse the masonry structure of Dujiangyan city. Sampling method for seismic 
damage investigation is to take all samples from this city. Vulnerability analysis is mainly based on 
vulnerability curve and vulnerability matrix, while vulnerability matrix research is relatively less due 
to the larger sample size. This paper evaluates all RC frame structural samples of Dujiangyan city 
by using the quantitative standard of structural seismic damage clause in China Seismic Intensity 
Scale (GB/T17742-1999). Combining with probability theory model, structural vulnerability is 
analysed. The empirical seismic damage matrix of the structure type is established, as shown in 
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Table 5, SIR in the table represents the seismic intensity region. Considering that controversy in 
the initial delimitation of seismic intensity, the seismic damage in the region of VI degree is also 
considered in the investigation of seismic damage, and the probability curve of empirical seismic 
vulnerability is given, as shown in Figure 19. Figure 20 shows the structural damage under 
different seismic damage levels in multiple intensity regions. 

Seismic intensity and damage grade are given as discrete integers in the application of 
structural damage assessment. It is difficult to achieve a more meticulous evaluation of seismic 
intensity and structural damage in a certain zone. Reference [12] establishes the attenuation model 
of seismic intensity and displacement, magnitude and regression curve to realize the continuous 
evaluation of seismic intensity. In reference [13], a vulnerability matrix based on the actual damage 
survey data of Athens earthquake in Greece in 1999 is established. The non-linear model curves 
between ground motion parameters (actual peak acceleration and reference acceleration ratio) and 
collapse ratio are given, and the continuous relationship between discrete ground motion 
parameters and collapse ratio is established. A continuous model of seismic damage grade and 
intensity should be considered, the seismic damage samples of 930 RC frame structures 
distributed discretely in multi-intensity areas in the city are analysed numerically. The Exponential 
quadratic fitting model is determined. However, the dispersion and variance of Ⅷ and Ⅸ degree 
regions larger, and the fitting degree flat. Therefore, Polynomial quadratic fitting model is selected 

to model in these two intensity regions, as shown in formula (5-6). In the formula  represents the 
empirical damage rate of seismic damage under different damage grades in the I intensity region, 

and  represents the seismic damage grade.  represent regression parameter 
factors. Based on the regression analysis of the actual seismic damage survey data in the multi-
intensity area, the parameter factors are determined, and the empirical vulnerability non-linear 
function model of the multi-intensity area in the city is established. As shown in Table 6 and 
Formula (7-12), the continuous distribution curve (CDC) is obtained, as shown in Figure 21. To a 
certain extent, the curve of the continuous model can realize the evaluation of the continuous 
seismic damage grade. 

 
Tab.5 - Empirical seismic vulnerability matrix in multi-intensity regions (%) 

SIR D1 D2 D3 D4 D5 

Ⅵ 89.2 9.7 1.1 0 0 

Ⅶ 68.1 21.6 10.1 0.2 0 

Ⅷ 22.8 41 25.7 10.5 0 

Ⅸ 9.8 15.1 21 42.6 11.5 

Ⅹ 6.2 8.1 12.4 21.8 51.5 

Ⅺ 1.4 3.3 7.1 16.8 71.4 

 

D D( ) ( )gR iR
IP fe he 

 
(5) 

4 3 2
D D D DIP jR kR lR oR p    

 
(6) 
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Tab.6 - Nonlinear continuous model of  and  in multi intensity zones 

SIR Continuous model of nonlinear function  

Ⅵ D D(0.2397 ) ( 2.216 )
0.01285 817.9

R R
IP e e


  

 
(7) 

Ⅶ D D(0.7047 ) ( 1.085 )
0.03742 201.2

R R
IP e e


  

 
(8) 

Ⅷ 4 3 2
D D D D1.208 17.68 92.64 190.5 91.5IP R R R R     

 
(9) 

Ⅸ 4 3 2
D D D D3.479 37.31 136.6 206 93.5IP R R R R     

 
(10) 

Ⅹ D D(0.2573 ) (1.358 )
4.603 0.03909

R R
IP e e 

 
(11) 

Ⅺ D D(0.7849 ) (3.368 )6
0.6716 1.816 10

R R
IP e e


  

 
(12) 

 

  

Fig. 19 – Vulnerability curve in multi-intensity 
regions 

Fig. 20 – Seismic damage grades curve in 
multi-intensity regions 

 

 

Fig. 21 – Continuous Model curve of Nonlinear Function n multi-intensity regions 
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Seismic damage index analysis 

To evaluate the overall damage of typical structures in a certain region more accurately, the 
concept of seismic damage index is introduced. Considering structural displacement, energy 
dissipation, structural modal, stiffness and site factors, 0-1 is used as a quantitative index to 
express the degree of structural damage. Among them, 0 represents no damage or failure, and 1 
represents complete damage or failure [14]. In reference [15], the seismic damage index interval is 
split into [1,7], which represents the seismic damage of structures in multiple intensity regions. 
Reference [16] uses EMS-98 intensity scale to carry out structural vulnerability analysis, defines 
the seismic damage index as [0,5], establishes a functional model between vulnerability ratio, 
intensity and displacement, and applies it to the seismic damage index analysis in multiple intensity 
regions. 

According to the empirical situation of seismic damage in Dujiangyan city, the seismic 

damage index ( ) used in this paper is a number between 0 and 1 to express the degree of 
seismic damage of structures from light to heavy [17]. The proportion of buildings damaged by 
earthquakes at all grades in empirical seismic damage investigation and the corresponding seismic 
damage index is calculated by a weighted average method. As shown in formula (13), the 
numerical value is called the mean seismic damage index (MSDI). 

5

1

i i

i

MSDI d 


 
 

(13) 

 
Tab.7 - Relationship between seismic damage grade and seismic damage index [14,17] 

Damage grade Median 
 

D1 0.05 
0.00≤ <0.10 

D2 0.20 
0.10≤ <0.30 

D3 0.425 
0.30≤ <0.55 

D4 0.70 
0.55≤ <0.85 

D5 0.925 
0.85≤ ≤1.00 

In the formula, the value of  is determined according to 5 seismic damage grades (  

=1,2,3,4,5) and the Chinese seismic intensity scale. As shown in Table 7,  represents the ratio of 

the number of damages in the th seismic damage grade to the total number of samples for a 
certain type of structure in a specific intensity region. According to the MSDI model and the 
vulnerability matrix established by the empirical seismic damage investigation, the matrix model of 
formula (13) is analysed and the MSDI matrix model is obtained, as shown in formula (14-16) 

where  is the quantity damage ratio of RC frame structure in the state of damage grade  , when 

the seismic intensity (SI)= .  represents the  of a certain type of structure in  intensity 

region. By selecting the median and limit values of the  in Table 7 and combining with the 
empirical seismic damage matrix of RC frame structure, the vulnerability matrix of the structure 
based on the MSDI is given, as shown in Formula (17).  
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(16) 
0.0687

0.1216

0.2761
[ ]

0.5289

0.7010

0.8155

MSDI

 
 
 
 

  
 
 
 
  

(17)

Figure 22 shows the regression curves of the MSDI in the multi-intensity region of the city. 

The empirical MSDI in the VI and IX regions is higher than the average values of D1 and D3 of 

respectively, while the Ⅶ, Ⅷ and Ⅸ regions are obviously lower than the slight damages and 

damages, and the MSDI in the Ⅹ region is approximately equal to the average value of the . The 

model analysis is basically consistent with the empirical observation damage investigation, which 
verifies the application value of the model to a certain extent. 

Fig. 22 – Regression curve of MSDI in multiple intensity regions 

CONCLUSION 

To examine the seismic damage and vulnerability of multi-storey RC frame structures in 
multi-intensity regions, this paper investigates 930 such buildings in Dujiangyan city, Wenchuan 
earthquake China, a typical seismic zone with multi-intensity and ground-spanning. Structural 
vulnerability analysis is deeply studied and the following main conclusions are drawn: 

(1) 930 RC frame structures in Dujiangyan City were investigated and analysed for seismic
damage. Typical damage locations were cracking or collapse of filling walls, beam-column and
joints of frames, staircases, and local collapse or floor seating of individual structures in the high

intensity region. However, a large number of buildings that have been fortified according to Ⅶ, 

showing good seismic performance. 
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(2) Statistical analysis of RC frame structure survey samples is carried out, and the overall
seismic damage proportional distribution of the structure is given. The non-linear fitting model
between the seismic damage grade and the number of damage samples is obtained, and the
regression analysis is performed with the empirical seismic damage investigation data.
Considering the influence of floor number, age and seismic fortification factors on structural
damage, the vulnerability matrices of different factors are established, and the regression analysis
curves are given. The vulnerability matrix based on the empirical seismic damage characteristics of
Dujiangyan city is established. A theoretical method of continuous function non-linear model is
advanced. Continuous non-linear relationship is established between diverse seismic intensity,
multiple damage grade and failure ratio, and curve models are given, respectively.

(3) Applying the theory of SDI analysis, combining the empirical seismic damage vulnerability
matrix of the multi-intensity regions of the city and the Chinese seismic intensity scale (GB/T
17742-1999), a matrix model based on the MSDI is proposed. The MSDI matrix of RC frame
structure in the multi-intensity regions is obtained by using the vulnerability matrix of the zone for
model analysis and calculation, and the regression curve of the MSDI is bestowed. Lines to verify
the applicability of the matrix model.
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ABSTRACT 

The article deals with the design of database structures of a web application for the 
presentation of information about the development of rural architecture in the 19th and 20th 
centuries in the territory of today's Czech Republic. The processes of data structure design, 
description of the chosen solution and method of implementation are presented. The solution used 
is based on freely available technologies and applied to the creation of a smaller web portal. The 
described methods can be inspiring for similar types of web presentations, which are a frequent 
output of many activities and projects. 

The created web application contains various types of data: maps of selected villages, 
spatial models of selected rural buildings, their floor plans, created orthophoto, photo gallery, and 
other textual and graphical information documenting the development of rural architecture. Objects 
of interest are located on the used interactive map. The application allows users to search and filter 
the required data. The technological solution is based on the PostgreSQL database and the PHP 
Nette framework. The created portal presents interesting information about important values of 
rural architecture, which can be considered as a part of the cultural heritage. The web portal can 
be used by experts and the general public. 

KEYWORDS 

 Database, Data model, Web portal, Rural architecture  

INTRODUCTION 

Modern web portals provide users with a large amount of information that is stored in 
various data files and formats. The tool for effective management and analysis of differentiated and 
content-structured information is a geographic information system (GIS). It is based on a database 
that has effective tools for all necessary data operations (editing, backup, history tracking, secure 
access, etc.). An important aspect of the creation of every GIS application is the design of a 
suitable data structure of this database. The design of a suitable structure for a database of 
documents relating to the development of rural architecture is the subject of this article.  

Development of rural architecture 
The transformation of Czech rural architecture in the 19th and 20th centuries has been the 

subject of growing expert interest in recent years. This time period is specific for intense social and 
economic changes (e.g. industrialization, migration, the influence of the First and Second World 
Wars, population change by political intervention, central socialist planning, etc.), which were also 
reflected in the architectural development of the villages [1]. 

Experts from the Institute of Art History of the Czech Academy of Sciences (ÚDU), in 
cooperation with the Department of Geomatics, Faculty of Civil Engineering, CTU in Prague, are 
trying to contribute to the development of knowledge in this area. The subject of their research is 



 
  Article no. 42 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

          DOI 10.14311/CEJ.2020.04.0042 491 

 

the development of urban planning of selected municipalities and art historical studies of selected 
houses in rural regions. The aim of the research is to map and promote the significant values of 
rural architecture and thus contribute to their preservation for future generations. The results of the 
research should also support the general debate on the need for more consistent monument 
protection of rural architecture, which would prevent the gradual devastation of its urban and stylish 
structure. 

The changes in rural architecture that took place in the last two centuries are documented 
in many ways and forms. An important source of information about the development of rural 
localities are old maps, later black and white aerial survey photos, currently colour orthophotos. 
Historical drawings, later photographs, plans, results of geodetic surveying by various methods, 
possibly audio or video recordings, today also digital spatial models may be available for the study 
of important buildings. Across time and type of subject of interest, a number of verbal descriptions 
in the form of written or printed documents can be a valuable source of information. 

In terms of building development, a total of 39 villages evenly distributed throughout the 
Czech Republic (three villages in each region) were processed within the mentioned research. In 
13 of them (one in each region) detailed maps were prepared, clearly showing the built-up area 
development and the digital spatial models were made for 13 selected village buildings. 

 

Fig. 1 – Location of selected villages and buildings 

The selection of villages was made with regard to the historical significance of architecture. 
Locations that were so far outside the main interest of experts were selected for the research. 
Selected buildings represent characteristic historical buildings of the region, which have not yet 
been subjected to detailed architectural and historical research and show a high degree of 
originality. The location of selected villages and buildings is shown in Figure 1. 
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The built-up area development can also be monitored on archival aerial survey photos 
(LMS). Based on them, a set of orthophotos was created for three selected villages (Hostouň, 
Ropice, Držkov). 

DATASETS 

The collected and sorted material, as well as all processing results, must be systematically 
managed in a suitably selected system (database). An important element of the concept of such a 
system is an effectively designed structure, with respect to the type of data and the relationship 
between them. The following is an overview of the main data sets used and their brief 
characteristics. 

Maps of built-up area development 

The maps of built-up area development were created on the basis of detailed analyzes of 
archival and current maps [2] and they show the development of buildings in the period from the 
mid-19th century to the present. In the database, maps are stored in the PDF vector files (divided 
into thematic layers) and in the PNG raster files. All processed maps are presented interactively on 
the page http://venkov.fsv.cvut.cz/projekt/vesnice.html. 

Spatial models 

The modelling of all objects was based on data obtained by survey of objects [3]. A 
combination of geodetic and photogrammetric methods was used. The creation of the exteriors of 
the models was done in the form of vectorization of a point cloud; the interiors were modelled on 
the basis of the floor plans. The database stores models in the 3D PDF format and raster previews 
of models in the PNG format. All processed models are presented interactively on the page 
http://venkov.fsv.cvut.cz/projekt/modely.html. 

Floor plans 

For the geodetic survey of the ground floor plans of the modelled buildings, the method of 
constructional measures supplemented by cross measures was used. The floor plan drawings 
correspond to their real model geometrically and dimensionally with sufficient accuracy. It is 
therefore possible to determine control measures retrospectively, e.g. lengths and angles, between 
building structures that are not easily detectable in reality. The connection of the drawings to the 
state reference coordinate system was performed using current cadastral maps. In the database, 
floor plans are stored in the PDF format. 

Orthophotos 

Orthophotos were processed on the basis of archival aerial survey photos (LMS) and the 
current digital relief model (DMR 5G). A sufficient number of naturally signalled ground control 
points were used to make orthophotos, the coordinates of which were obtained from the current 
maps. The accuracy of the resulting orthophotos was verified at checkpoints and is in the interval 1 
- 1.5 m according to the age and quality of the LMS used [4]. In the database, the created 
orthophotos are saved as TIF files with georeferencing in TFW files. 

Other text and graphic documents 

The database includes other various text and graphic files (articles, photographs, plans, 
sketches). In general, these materials can be divided into two groups according to the date of 
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origin: archival and contemporary. They are stored in the database in various formats depending 
on the type of data. 

METHODS AND TECHNOLOGIES 
Interactive websites presenting various documents can be based on many technologies. 

Simpler content can be effectively presented without the use of sophisticated database tools [5]. In 
current practice, still popular and much used systems based on the traditional relational database 
model (RDBMS) are used to manage a common documentation pool. These systems are mostly 
based on the client-server architecture, where the client communicates with the server component 
using the Structured Query Language (SQL). 

The relational database model, as practice shows, is not ideal in all cases [6], [7]. For large 
amounts of data (so-called “big data”) or data that do not fit into the relational model due to their 
structure, database systems are used, which are in many respects more advantageous for the 
management of such data. These systems include so-called NoSQL (not-only SQL) databases [8], 
[9]. 

In addition to the efficiency of storing and modifying the content of documents, a key 
element in the design of the database is the ability to index their content for full-text search.  
Another important feature may be the ability to track changes in document content over time 
(similar to versioning systems). The choice of the used database system is essential for the long-
term sustainability and extensibility of the proposed information system. The following text 
describes the design and implementation of a specific database, including the relevant web 
application. 

Application design 
The initial task was to create a database system with an appropriate web interface to 

facilitate the storage, sorting and representation of the data used. In this section, these tasks are 
looked at individually, with a strong accent on data presentation in the database design process. 

The first order of business was to formulate an appropriate technical solution for the task at 
hand. The first task was to create a system that would suitably present a complex sets of data 
regarding to selected municipalities and buildings in the Czech Republic. First of all, detailed 
discussions about proper data presentations were conducted. Then a database model was 
devised. The initial data presentation was to create tables for each specific entity (such as 
buildings, municipalities, documents, maps, etc.), that would be linked together in a parent-child 
type of relationship. This way, all documents would correspond to a building, all buildings to 
municipality, those then to a district, and so forth. 

After the principal guidelines were defined, the tasks moved to create a user interface. 
Several technologies to base the application on were considered. One of the primary options was 
the Java Spring framework coupled with a front end powered by such technologies as react.js. A 
more high-level language approach would make the applications design more robust and modular. 
In the end the PHP and Nette framework was selected, as PHP was a technology more familiar to 
the production team. The Nette framework was an added value that could give the solution a more 
high-level design such as Java Spring framework. 

During this time, a number of similar projects were reviewed to gain inspiration for website 
design. The subject of interest was the website, which contains an interactive map connected with 
other information about selected thematic objects displayed on the map. There is a large number 
of such web portals - they differ in the technologies used and the implemented functionality. The 
biggest conceptual inspiration was the website presenting the Archaeological Atlas of the Czech 
Republic (archeologickyatlas.cz). Using the knowledge gained through an extensive research, the 
original web database application was developed. 
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Principal usage 

The website has the following basic uses: data presentation, storage and categorization. 
The first, the presentation, refers to the ability of all visitors to view the content of the web portal. 
Essentially, anyone can come to the web application and view all the published materials. The 
filtering feature makes it possible for researchers and the general public to find materials related to 
their interest or work. 

The filter allows users to sort entities according to two basic attributes: entity type and 
keywords. A potential user can select what type of entity searches for, e.g. maps, documents or 
entire municipalities. The second filtering attribute lets the user select what keywords he wants to 
look for. A typical use case would be to find an archival document and specify the keyword type to 
be a map. 

For other users - the maintainers, the website in addition to representation of their work, 
also serves in the storage and categorization portions. All registered users of the website can add 
and manage their own work. The web application provides a clear overview of the presented work 
results. A preview of the available user rights is shown in Figure 2. 

 

 
Fig. 2 – Use-case diagram 

 
The basic use of the application remains the same for all users. All entities are created and 

stored under their respective parent entities. To find an entity, the search function can be used or 
the map, or simply navigate to the appropriate parent entity. If one is looking for data from a given 
district, he simply finds the region and selects the district to see all municipalities that contain some 
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data. Alternatively, the filter form can also be used to enter such a query. This can be done by all 
users. But only the registered users can create new entities, keywords and edit the data. 

To create something new, it is needed to navigate to the appropriate parent entity. For 
example, to add a new building, one does so from the page of the municipality the building belongs 
to. If the municipality is not listed, one must navigate to the district of municipality (all of which are 
listed for registered users) and first create the municipality. Editing an entity is performed at the site 
that actually represents it (in contrast to creation, which is done from the entities parents’ page). 

Technological approach 

Web application technical design can be divided into two sections, database design and 
user interface design. The database uses the PostgreSQL v. 11 application. The web app runs on 
Apache webserver with PHP 5. The web application itself runs on the PHP Nette framework. The 
whole system is deployed on a virtual machine, running Debian Buster. Deployment diagram is 
seen in Figure 3. 

 

 

Fig. 3 – Deployment diagram 

As mentioned previously, the Nette framework was chosen to provide a more high-level 
support to the project. Unlike plain PHP, Nette is designed to facilitate web application design, 
handle several security problems, improve the code reusability and add various functionalities for 
handling database objects. The result is that using the framework, the application could be 
designed using a more industry standard template format. This proved a great help in the process 
of development as changes in ever larger application scaled very well. 

The choice of PostgreSQL as the database client was motivated in part by the existence of 
the PostGIS spatial database extender. The motivation was, that as an application partially used 
for storing geo-informatics data, the addition of such functionality would be useful. While the 
PostGIS add-on is currently not used (as the only localisation of data stored in the database are 
GPS coordinates of municipalities and buildings - of which are in database terms few), it remains a 
good option for future expansion. 

An important part of the website is the background map which indicates by the mark the 
location of processed municipalities and buildings. Location data (GPS coordinates) of elements 
can be entered into the database graphically by clicking on the location on the map, or by 
numerical values of coordinates from the keyboard. The map and database information are linked 
in both directions. Clicking on a marker on the map will display information about that feature. 
Similarly, selecting an element in the database displays the position of the element on the map. 
For example, when selecting a region, the location of all database elements located in the given 
region is displayed in the map with a marker. 

The map server mapy.cz is used as a base map. It provides a detailed map with a 
resolution of the individual buildings displayed, including descriptive numbers. It is thus easy to 
locate individual buildings registered in the database on the map accurately. The map server 
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contains a detailed documented application programming interface (API) that can be freely used 
for the development of publicly accessible user applications. 

Database model 

The data are represented as a set of texts, files, and attributes pertaining to various objects, 
such as municipalities, buildings, etc. A database system that was put forward resembled a 
knowledge tree, as most objects belonged to some parents and themselves had several children. 
Such as a municipality containing a number of buildings, the buildings having a large gallery are 
associated with them. 

By the end of the process, the reflection was, that a graph database such as MongoDB 
might have been a better choice for representing this data structure, but due to familiarity with and 
general lack of system taxing database tree traversing operations, the selected SQL database 
system proved sufficient. 

The original design did not change significantly. All objects or entities as they began to be 
called remained mostly unchanged. The major difference was that all the entities became 
represented primarily by one table (class), as seen in Figure 4. After some evolution, all entities 
proved to benefit from some common attributes (such as a name, description, etc.), that it was 
decided, the tree structure and common data for all entities, be represented in a single table - 
entity. 

 

Fig. 4 – Domain model 

 
A significant aspect of the entity design in the database model is the inclusion of keywords. 

Several types of keywords can be related to given entity types. Such as a building having the “type 
of building” or a photo of a building might have the “exterior type” keyword. These are used for 
description but primarily filtering. If someone is looking for a photo containing doors, beams, or 
renovated floors, one can simply filter for such images. The keywords also help to maintain a 
unified approach to categorization. Any registered user can create new keywords, but this practice 
will be later restricted. The flexible database design also enables to modify easily what keywords 
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can be assigned to which entities, as this design configuration had to be changed several times 
during development.  

The last notable part of the general domain model is the part documenting user actions. 
Every action in the system (creation, editing, deleting) is documented. 

The following Figure 5 shows an overview of all used entities. These being the keywords, 
attributes, and general tree structure of all entities in the database application. The individual table 
attributes are accompanied by their data type. 

 

 

Fig. 5 – Application entities 
 
Acronym FK in this context means a foreign key usually to a set of keywords. It is the 

unique use of keywords being kept in this way at the database level. One may add keywords but 
only in a global context - for all entities with the given keyword type. then the keywords can be only 
assigned to individual entities. This is done so that individual users are discouraged from coming 
up with new keywords whenever they want and to rely more on a standardized set. Arrows 
represent the three like relations of the various entities in the application. The same coloured 
entities represent the duplication – e.g. the entities that can belong to both, a municipality or a 
building. 
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Finally, take note that while some entities contain a file as an argument (such as a 
document entity), entities such as archival or map can contain several files. These files are stored 
in the server file system. Upon upload to server all files are renamed using a unique identifier. This 
is done to prevent overriding existing files with new ones (user uploading file called map.pdf twice). 
Their original name is stored as entity name in the database. The name of the entity can be 
changed for the purposes of the website itself, but the file once downloaded keeps its original 
name. 

The application, its database and uploaded files are subject to regular backups. These 
backups are facilitated using a bash backup script while the application is in development. Backups 
will be replaced by a fully automated system once the application is moved to the final production 
server after development is concluded.  

Copyright must be strictly observed during the public presentation of documents on the 
website. The data used (archive maps, aerial survey photos, etc.) must contain information about 
the data provider. According to the license conditions, their presentation on the website is often 
conditioned by the use of a watermark with the abbreviation of the relevant organization. The 
documents used and created (photographs, maps, orthophotos, studies, etc.) must include the 
author's name and the type of license. This information is an integral part of the documents in the 
created web application. 

RESULTS 
Two teams of experts participated in the development of the described application. Experts 

in rural architecture (ÚDU) and specialists in geoinformatics (CTU). The usual problems in 
communication between members of differently oriented teams (caused by different professional 
vocabulary) occurred mainly in the initial phases of the cooperation. The ideas of ÚDU experts 
were transformed by the CTU team into the environment of the used technological tools. The 
concept of the proposed solution had to be modified several times with regard to new 
requirements. 

The used data storage based on a classic relational database is sufficiently powerful and 
provides all the necessary functionality. For a larger amount of data with a looser structure, it would 
be possible to consider using a NoSQL database.  

The NoSQL document database MongoDB was tested in the phase of finding suitable tools. 
Due to the relatively small amount of processed data and their quite unambiguous interconnection, 
the concept of a traditional relational database was finally chosen. The PostgreSQL database was 
selected, which is one of the most used freely available relational databases. The described 
solution based on the use of keywords is sufficiently powerful and flexible. 

The application is currently in the testing phase of the final version, which will be then 
released as a production version. Through a web application, the database is filled with real data. 
Therefore, all subsequent fixes and enhancements to the application must be already made with a 
respect to the entered data. The application contains considerable potential for further 
development. Planned modifications include the implementation of a module for user management 
(so far implemented manually), expansion of search options, as well as optimization of the 
connection with the navigation map and improvement of a web design. A trial version of the 
application is available at https://country.fsv.cvut.cz/. 

CONCLUSION 
The created web portal organized presents information about the development of rural 

architecture in the 19th and 20th centuries in selected localities in the territory of today's Czech 
Republic in one place. Maps of built-up area development, floor plans and spatial models of 
buildings, orthophotos, photo galleries and a number of archival materials are available at the 
portal, all of them were supplemented by expert studies of the results of art historical research. 
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Some of the materials posted to the web server are not publicly accessible (e.g. due to copyright or 
data volume) and are used only for the needs of registered users of the portal. 

The target group of users of the portal is the general public, but experts in the field of rural 
architecture will also find inspiring and new knowledge here. The information presented on the web 
portal serves to discover and better understand the values of the cultural heritage that rural 
architecture contains. 
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ABSTRACT 

Traffic congestion is caused due to an imbalance of transportation demand and supply. 
Traffic congestion is not only responsible for harming our health but also for not gaining full 
potential in our economic sector. Traffic congestion is an obstacle to the development of any 
country as it creates a huge amount of economic costs, discomfort cost, and alike. In the current 
scenario Indore city also prevails such a condition, some intersections of the city are badly affected 
by traffic congestion which causes potential hazard and delays so traffic congestion study is much 
needed at some potential road intersections. Several parameters like segmental delay, delay ratio, 
and relative delay ratio have been used to effectively measure traffic congestion at some potential 

sections taken for 6 locations. A model developed for segmental delay (Vehicle-second), 
segmental delay (person-second), delay rate, and relative delay Rate. 

KEYWORDS 

Segmental delay, Delay rate, Relative Ddelay rate, Traffic congestion 

INTRODUCTION 

Transportation contributes to the social, economic, industrial, and cultural development of 
any country. Every product whether it is food, medicine, clothes, industrial items, or other essential 
commodities needs transport facility at all stages to get supply thoroughly throughout the country, 
which in term helps the country to uplift its economy and development hand to hand. 

But in recent years, the usage of transportation facilities has been increased drastically. 
Many of the cities experiencing a huge number of traffic flow which leads to a system break down 
in some cases, in talking about India, considerable numbers of cities facing a huge transportation 
management problem, as a result, the movement of vehicle, speed characteristics have been 
observed not up to the mark. 

Due to incessant increase in population, increase in household incomes and its resultant 
increase in the level of car usage coupled with poor land-use planning, poor transport design and 
planning. In urban areas, the problem of traffic is observed in road intersections for most of the 
cases [5]. Road intersections consist of too many actual and potential conflict points [4]. This is 
because at intersections, vehicular flows from several directions approaches making either left-
turn, through and right-turn movements seek to occupy the same physical space at the same time. 
In addition to these vehicular flows, pedestrians also seek to use this space to cross the street and 
thereby worsening the already bad traffic situation. 

Traffic congestion is the result of the gap between transportation demand and supply [2]. It 
may be said that traffic jam is killing our time only but that will be wrong. Traffic congestion can be 
held responsible not only for harming our health but also for not gaining full potential in our 
economic sector [1]. The transportation system has now become the spider that is sitting in the 
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centre of a development web in which every web string controls almost every development process 
of a country. Traffic congestion is an obstacle to development of any country as it creates a huge 
amount of economic costs, discomfort costs, and so on [3]. Because of traffic congestion, 
companies that are related with the public transport system cannot achieve their targeted profit. 

In the current scenario Indore city also prevails such a condition, some intersections of the 
city are poorly affected by traffic congestion which causes potential hazard and delays so traffic 
congestion study is much needed at some potential road intersections. The aim of the study is 
measure effective congestion at potential sections by using segmental delay, delay ratio, relative 
delay ratio techniques. 

STUDY AREA 

The National Highway-3 also known as Agra Bombay Road is one of the prime and important 
road networks which pass through Indore, connecting Agra and Mumbai. The study area concerns 
some potential sections of this road in between the city named  

a.  Section 1(Palasia Square to Industry House)

b.  Section 2 (Industry House to LIG Square)

c.  Section 3 (LIG Square to Rasoma Chouraha)

d.  Section 4 (Rasoma Chouraha to MR9 Chouraha)

e.  Section 5 (MR9 Chouraha to Vijayanagar Square)

f. Section 6 (Vijaynagar Square to Satya Sai)

The AB road consists of two way with 6 meters of road width at Palasia square and Industry 
House sections. LIG square, Rasoma Chouraha, and MR9 sections have a lane width of 7 meters. 
Vijaynagar section consists of 7.5 meters of lane width. The city transport authority also 
established a BRTS system in between the road section at the central position as public transport 
facilitation. The studied section has a capacity of approx. 4000 PCU/hr. 

The study area consists of total 3.5 km stretch starting from Palasia square to Vijaynagar 
square. 

DATA COLLECTION 

Traffic Flow 

The method of obtaining traffic flow data in this study was using standard video recording 
procedure. This is however essentially a manual method. Traffic flow was analyzed from a video 
recording of the studied sites themselves. This includes the entire count of the vehicle over the 
recorded time at peak hours. The classification of vehicles, their quantity and direction were also 
observed from the recordings at laboratory. 

Speed 

Speed could be recorded in three distinct ways 
a. Space mean speed
b. Time means speed
c. Spot speed

The short base speed that is the speed at a particular section (spot speed) can be used but 
the proper instrument has to be used. While taking the speed of the vehicle every time it was 
ensured that it should be free from the influence of traffic signalling or any other factors such as 
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inclined terrain, junction effect, etc. In this study time mean speed or the average speed has been 
taken into consideration as it can be obtained by two observers, one in starting position and 
another at the end position of the stretch, besides this can also be cross-checked in the laboratory 
from the video recordings. Over all this method of obtaining the speed of any vehicles is easy to 
apply, economical and collected data can be subjected to statistical procedures. 

Travel Time 

Travel time data is very crucial to calculate traffic congestion, time taken to travel a 
particularly known length of section is measured for every types of vehicle. The data includes travel 
time during free-flow condition and peak hour flow at congestion like situations. This is totally a 
manual and field observation method but video recordings also can be useful in some cases. 

Geometric Characteristics 

Geometric measurements were obtained in the field by the means of simple tape 
measurement. The degree of accuracy was nearest to 10 cm. The data were recorded in the rough 
notebook. 

DATA REDUCTION PROCESS 

Video recording was carried out continuously over the predefined period of the time at peak 
hours at every section. To produce the variables much needed for the analysis, in the next step the 
raw data have been retrieved. Raw data that were collected and recorded in the field included 
traffic flow, vehicle types, passage time of the vehicles, and occupancy per vehicle over the 
measurement lines. The video recorded data were retrieved in the laboratory and transcribed in the 
computer files. There after further processing of the data has been carried out using a standard 
spread sheet, statistical software packages and some computer macros. The first and foremost 
task was to convert the passage time into travel time and eventually measure the speed of each 
category of the vehicle, the time data included normal passage time and passage time during 
congestion like situation. Obviously, the speed that came up from the data should include free-flow 
speed and congested speed of the different categories of the vehicles, using the particular studied 
section. Thereafter, the speed data were inspected for each site if there were any outliers or other 
unusual values. 

When retrieving data from the video clips, few incidences that were suspected to be true 
value have been noticed and neglected. The vehicles that were moving slowly due to some 
influence were treated as valid for sampling and some fast-moving vehicles that stopped due to 
some personal reason or unnecessarily has been taken as invalid, besides these few incidences 
like slowing down of vehicle due to running out of fuel or some mechanical problem encountered, 
also taken as an invalid and neglected simultaneously. 

Generally, results required from the data reduction process for the studied sites were as 
follows: 
a. 16 hrs. data to obtain the peak periods of traffic flow and identify the congestion timing.
b. Traffic flow and composition for a period of 15 minutes, for each site and each direction.
c. Space mean speed, over 5 minutes’ period for each and every class of vehicles at each site

and each direction.
d. Free-flow speed and congested speed based upon time calculation over a known length of

stretch of 20 meters.
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RESULTS AND DISCUSSION 

The process to estimate the traffic congestion, measurement of traffic flow in the section 
should be carried out accurately. The travel time analysis also plays a crucial role in this case. The 
proper analysis of traffic and design of the road should thoroughly study to make an effective 
conclusion which may further used for future design and implementation. Before proceeding to the 
analysis part there need to be discussed some conceptual definitions and theory related topics. 

Flow Measurement 

Traffic composition of different vehicles has been determined and their proportion has been 
calculated as mentioned earlier. As per IRC:106-1990[6], PCU conversion is done by using proper 
factors to get an equivalent flow estimation. A proper example of PCU conversion is shown in 
Table 1 for an individual section. 

Tab. 1- Traffic Flow for all Sections at Peak Hour 

Locations Flow (PCU/hr.) towards 
Dewasnaka 

Flow (PCU/hr.) towards 
Bhawarkuan 

Section 1 3472 3225 

Section 2 2837 2747 

Section 3 4142 3605 

Section 4 3035 3207 

Section 5 3248 3305 

Section 6 3738 4004 

Segmental Delay 

Segmental delay is the measurement of overall time consumption due to the bad condition 
of traffic flow. Congestion increases the time consumption of traveling for a particular distance than 
the usual traffic condition which causes delay. In the delay analysis the excess time lost per vehicle 
and per person has been quantified at each section in terms of Vehicles-second and person-
second. A relative comparison has been made to identify which section is most affected by 
congestion and which one has less effect of congestion. Speed comparison at various sections is 
shown in Figure 1 and Figure 2. 
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Fig. 1- Speed comparison at sections towards Dewasnaka 

Fig. 2- Speed comparison at sections towards Bhawarkuan 

Multiple regression analysis has been carried out for Segmental delay (Vehicle-second) and 
Segmental delay (person-second), as shown in Table 2. 
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Tab. 2- Model for Segmental delay (Vehicle-second) and Segmental delay (person-second) 

S.N. Model R2 RMSE 

1. 𝐷 = −19176.4 + 3738.815 ∗ 𝑇𝐶 − 2922.22 ∗ 𝑇𝑎

+ 4.699241 ∗ 𝑉𝑃

99% 1.1027E-11 

2. 𝐷′ =  −69855 + 7414.247 ∗ 𝑇𝐶 − 6022.11 ∗ 𝑇𝐴

+ 9.31578 ∗ 𝑉𝑃 + 16330.11 ∗ 𝑉𝑂𝐶

99% 2.31043E-11 

Where, 

𝑫  = Segmental delay (Vehicle-second), 𝑫′ = Segmental delay (person-second), 

𝑻𝒂 =Acceptable travel time over a defined section (second), 𝑻𝑪 = Congested travel time over a 
defined section (second), 𝑽𝑷 = Vehicle volume in peak period (PCU/hr.), 𝑽𝑶𝑪 = Vehicle occupancy 
(persons/ vehicle), R2= Coefficient of correlation, RMSE=Root Mean Square Error 

Delay Rate 

Delay rate is the difference between the rate of travel of congestion situation and normal situation. 
The rate of travel can be measured as the time required to travel a particular segment length. It is 
the inverse of the velocity at any section, measured as Sec per meter. Relative delay rate can be 
explained as the ratio of delay rate to acceptable (normal) travel rate. A regression model has been 
developed for delay rate and relative delay rate, as shown in Table 3. 

Tab. 3- Model for delay rate and relative delay rate 

S.N. Model R2 RMSE 

1. 𝐷𝑅 =  −0.02631 + 0.948524 ∗ 𝑇𝑅𝑐
− 0.63062

∗ 𝑇𝑅𝑎

99% 2.80432E-16 

2. 
𝑅𝐷𝑅

=  −0.03035 + 1.029935 ∗ (
𝐷𝑅

𝑇𝑅𝑎

) 
98% 5.1279E-16 

Where, 

𝑫𝑹= Delay rate,  𝑹𝑫𝑹
= Relative Delay Rate, 𝑻𝑹𝒄

= Travel Rate at congestion (sec / meter), 𝑻𝑹𝒂
=

Acceptable Travel Rate (sec / meter), R2= Coefficient of correlation, RMSE=Root Mean Square 
Error 

CONCLUSIONS 

I. Section 3 and Section 6 accommodates the highest number of traffic flow among all the
sections. However, in section 3(LIG square) lowest speed has been observed during
congestion.

II. Section 1 has less a flow of traffic than section 6 but stillsection1 has a higher segmental
delay. This variation was observed due to the high value of merging traffic to straight moving
traffic ratio, due to the rotary effect at Vijayanagar streaming of traffic is quite good.

III. Segmental delay is maximum at section 3, traffic flowing towards Dewasnaka and for traffic
towards Bhawarkuan, the segmental delay is maximum at section 6. But the relative delay rate
is maximum in section 1, traffic flowing towards Dewasnaka.
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IV. Section 3 experience worst traffic congestion at the Level of Service of E and V/C ratio tends
to unity. However, Section 1 and section 4 also have a bad flow condition and LOS obtained
there is E. Section 6, section 2 and section 5 has favourable flow condition.
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ABSTRACT 

In order to study the influence of cable/sling damage on the natural vibration characteristics 
of a special-shaped cable-stayed arch bridge without back cable. The natural vibration 
characteristics of the bridge with different cable/sling damage and their different damage degree 
are analysed. According to the characteristic of self-vibration of cable-stayed arch bridge without 
back cable, the structural health of bridges can be diagnosed and evaluated. 

KEYWORDS 

Cable-stayed arch bridge without back cable, Natural vibration frequency, Stay cable, Mode 
of vibration, Sling 

INTRODUCTION 

Cable-stayed arch bridge without back cable is a new type of bridge structure which 
combines backless a cable-stayed bridge with an arch bridge. It has the characteristics of backless 
cable-stayed bridge and arch bridge, and its unique shape gives people a unique aesthetic feeling 
[1-3]. The cable-stayed structure can balance the dead weight of the main girder by the inclined 
bridge tower and enhance the longitudinal bending resistance of the main girder. The special-
shaped arch structure ensures the transverse mechanical properties of the broad beam and makes 
the whole structure work harmonically [4-5]. Due to the material characteristics of cable or sling 
and the impact of the natural environment, the probability of cable or sling damage will be greatly 
increased. It is necessary to study the influence of the damage on the performance of the cable-
stayed arch bridge without back cable. The damage of the cable or sling will lead to the change of 
the natural vibration characteristics of the structure. It is a simple and effective method to judge the 
health condition of cable-stayed arch bridge with the change of the natural frequency of the needle 
[6-7]. 
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BACKGROUND 

A bridge is a cooperative system of cable-stayed bridge without back cable and special-
shaped arch bridge. The span arrangement is 40 m+90 m=130 m for two spans, and the bridge is 
39 m ~ 43 m wide, See Figure 1 to Figure 2. The main girder and the bridge tower adopt 
prestressed concrete structure and reinforced concrete structure respectively, both of which are 
made of C50 concrete. The sling is made of steel strand extrusion, and the standard tensile 
strength is 1860 MPa. A total of 19 pairs of slings are arranged longitudinally, two of which are to 
be pulled against each other. The spacing of arch rib slings is 4.25 m. A total of 8 cables are 
arranged longitudinally with a cable spacing of 8.5m. The finished cable is made of galvanized 
steel strand and the standard tensile strength is 1860 MPa. Steel box structure is adopted in the 
arch ribs, and concrete is poured only at the arch foot. The bridge has a height of 25.8 m above the 
deck and a cable distance of 4.25 m. The bridge has 38 slings. The substructure is bored pile 
foundation and light abutment. The elevation and cross-section of the bridge are shown in Figure 1 
and Figure 2. 

Fig. 1 - Vertical view 

Fig. 2 - Cross section drawing 
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The finite element software Midas/Civil 2019 was used to establish the analysis model of 
the cable-stayed arch bridge without back cable. A total of 904 nodes and 1182 units were 
established, and piers and beams are a consolidated system. The pier, tower, beam, arch and 
transverse brace are simulated by beam element, while the cable and sling are simulated by truss 
element. The finite element model of the whole bridge is shown in Figure 3. 

Fig. 3 - Finite element model of bridge 

ANALYSIS OF BRIDGE VIBRATION CHARACTERISTICS 

In dynamic analysis, the natural frequencies and main modes of the bridge structure are the 
most important parameters. The change of bridge stiffness will lead to the change of structural 
frequency, which is of the great significance to the health of cable-stayed arch bridges without back 
cables. Figure 4 shows the six main modes of vibration in front of a cable-stayed arch bridge 
without back cable. 

（a）First order mode 

 (tower transverse) 

（b）Second order mode 

(vertical bending of tower) 

（c）Third order mode 

(vertical bending of beam) 
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（d）Fourth order mode (arch 

transverse) 

（e）Fifth order mode (tower 

transverse) 

（f）Sixth order mode (arch 

transverse) 

Fig. 4 - Modal figure 

Generally, the first few frequencies play an important role in bridge structure. The first 8 
frequencies and modes of natural vibration of the cable-stayed arch bridge without back cables are 
shown in Table 1. 

It can be seen from Table 1, in the first six modes, except the third mode which is the 
vertical bending mode of the beam, the other modes are the tower bending mode and the arch 
bending mode. The main beam has a wide cross section and poor transverse stiffness. However, 
due to the large transverse stiffness provided by the shaped arch, the torsional stiffness of the 
main girder of the cable-stayed arch bridge without back cable is large, and it has a good 
resistance to torsional deformation. 

Tab. 1 - Material properties 

Modal 
number 

Period 
/s 

Vibration mode 
shape 

Modal 
number 

Period /s Vibration mode shape 

1 0.5116 
Column 

transverse 
bending 

5 2.5661 Column transverse bending 

2 0.9425 
Vertical bending 

of tower 
6 2.8959 Transverse arch bending 

3 1.8163 
Vertical bending 

of beam 
7 2.8979 

Vertical bending of beams + 
Vertical bending of towers 

4 2.0269 
Transverse arch 

bending 
8 3.3851 

Vertical bending of beams + 
Vertical bending of towers 

ANALYSIS OF THE INFLUENCE OF CABLE DAMAGE ON THE BRIDGE'S NATURAL 
VIBRIATION CHARACTERISTICS 

Natural vibration characteristics under different cable damage 

The bridge has a total of 8 pairs of cables, cable specifications are GJ15-25, GJ15-31. The 
cables are numbered from the short cable to the long cable, which are S01 ~ S08 respectively. The 
specification of S01~S06 is GJ15-31, and that of S07~S08 is GJ15-25. The damage of each cable 
was simulated by reducing the elastic modulus. S02 represented the short cable, S04 and S06 
represented the medium cable, and S08 represented the long cable. The elastic modulus of the 
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cable after damage is 1× 10-5 MPa. Statistical frequency variation after cable damage, frequency 
variation rate = (frequency value after damage - no damage frequency value)/no damage 
frequency value. The values of frequency and frequency amplitude after damage are shown in 
Table 2, and the frequency amplitude after cable damage is shown in Figure 5.  It can be seen 
from Table 2 and Figure 5. The cable damage has the greatest influence on the frequency 
variation of the 1st order transverse and 1st order vertical bending of the main tower of cable-
stayed arch bridge, but it has little influence on the beam bending and arch bending modes. As 
shown in Figure 6 and Figure 7, the 1-order transverse bending frequency of the main tower and 
the 1-order vertical bending frequency of the main tower were calculated under different cable 
damage conditions. With the increase of the damage cable number, the natural vibration frequency 
of the 1st order transverse bending of the girder decreases linearly. When S8 cable is damaged, 
the 1st order transverse bending natural vibration frequency of the main tower is the smallest, 
which is 0.3175 Hz, but the change rate is the largest, which is -37.9%. When cable S1 is 
damaged, the 1st order transverse bending natural vibration frequency of the main tower is the 
largest, which is 0.506Hz, and the change rate is -1.09%. With the increase of damage cable 
number, when S8 is damaged, the first-order vertical bending frequency of the main tower is 
0.5134, the frequency change rate is -42.35%, and the first-order vertical bending natural vibration 
frequency of the main tower is linearly decreasing. When cable S1 is damaged, the first-order 
vertical bending frequency of the main tower is the largest, which is 0.9318 Hz and the rate of 
change is -0.9318%. 

Tab.2 -  Frequency and frequency amplitude under cable damage 

Order 
number 

Primary 
frequen
cy /Hz 

Frequency after cable damage/Hz 
Frequency variation after cable 

damage /％ 
Vibration 

mode shape 
S2 S4 S6 S8 S2 S4 S6 S8 

1 0.5116 0.4994 0.4535 0.3887 0.3175 -2.39 -11.35 -24.02 -37.94
Tower of 

transverse 
bending 

2 0.9425 0.9160 0.8287 0.6937 0.5434 -2.81 -12.08 -26.40 -42.35 Tower vertical 
3 1.8163 1.8139 1.7116 1.6435 1.7480 -0.13 -5.76 -9.51 -3.76 Beam vertical 

4 2.0269 2.0204 2.0189 2.0213 2.0237 -0.32 -0.39 -0.28 -0.16
Arch 

transverse 
bending 

5 2.5661 2.3391 2.3320 2.5643 2.2818 -8.85 -9.12 -0.07 -11.08
Tower of 

transverse 
bending 

6 2.8959 2.8114 2.7780 2.8463 2.7248 -2.92 -4.07 -1.71 -5.91

Arch 
transverse 
bending 

7 2.8979 2.8738 2.8940 2.8954 2.8955 -0.83 -0.14 -0.09 -0.08

Beam column 
vertical 
bending 

8 3.3851 3.1570 3.0430 3.3352 3.0877 -6.74 -10.11 -1.47 -8.79
Beam column 

vertical 
bending 
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Fig.5 -  Frequency variation under different  Fig.6 -  First order transverse bending frequency of  
     main cable damage      tower under different cable damage 

Fig.7 - First order vertical bending frequency of main tower 
under the different cable damage 

Natural vibration characteristics of cables under different damage degrees 

In order to explore the influence of different damage degree on bridge natural vibration 
frequency, three kinds of cable damage of different length were analysed. S01 and S02 were taken 
as the short rope representatives, S04 and S05 as the middle long rope representatives, S07 and 
S08 as the long rope representatives. The damage degree was 25%, 50%, 75% and 100% 
respectively, and the elastic modulus was 1.5×105 MPa, 1×105 MPa, 0.5×105 MPa and 1× 10-5 MPa 
respectively. Figure 8, Figure 9 and Figure 10 are the frequency values of short, medium and long 
cables under different damage degrees. Figure 11, Figure 12 and Figure 13 show the variation 
amplitude of different damage degrees of S01, S04 and S07 cables. It can be seen from the figure 
that: under different damage conditions of short cables, the frequency values show regular 
changes. The damage is mainly reflected in the first-order vertical bending mode of the main tower, 
and the frequency variation becomes larger and larger with the increase of damage degree. It has 
little effect on the bending modes of beams and arches. 
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 Fig.8 - Different damage frequency   Fig. 9 - Different damage frequency of 
of cables S01 and 02  cables S04 and S05 

 Fig.10 - Different damage frequency  Fig.11 - Frequency variation of cable S01 
 of cables S07 and S08   with different damage degree 

It can be seen from Figure 9 and Figure 12, the frequency of medium and long stay cables 
varies regularly under different damages. The damages are mainly reflected in the first--order 
vertical bending mode of the tower, the first--order transverse bending mode of the arch and the 
second-order transverse bending mode of the arch. It has little effect on other modes. 
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Fig.12 -  Frequency variation of cable S04 with  Fig.13 -  Frequency variation of cable S07 with 
different damage degree  different damage degree 

It can be seen from Figure 10 and Figure 13; the frequency of the long stay cables varies 
regularly under different damages. The damages are mainly reflected in the one-order vertical 
bending mode of the tower and the one-order transverse bending mode of the arch, which have 
little influence on the beam bending mode and the tower transverse bending mode. 

The bridge has 17 pairs of slings, which are numbered from the bridge tower to the 
abutment, and are D1 ~ D17 respectively. The elastic modulus of 1×10-5 MPa was used to 
simulate D1-D3, D4-D6, D7-D9, D10-D12, D13-D15 sling damage, and the frequency amplitude 
after the sling damage was calculated. The frequency amplitude of the sling was = (the value of the 
natural vibration frequency after the damage - the value of the natural vibration frequency without 
damage)/the value of the natural vibration frequency without damage. As shown in Figure 14, the 
frequency variation amplitude of the boom sling after injury shows a linear increase under different 
sling injuries. It can be seen from the figure that sling damage has almost no effect on the first-
order transverse bending natural vibration frequency of the main tower of cable-stayed arch bridge. 

Fig.14 - Frequency variation under different sling  Fig.15 - First order transverse bending 
damage frequency of main tower under different 

cable damage 
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Fig.16-  Different damage frequency variation   Fig.17- Different damage frequency variation 
of slings D1-D3   of slings D4-D6 

Fig.18 -  Different damage frequency variation  Fig.19 - Different damage frequency variation 
 of slings D7-D9  of slings D10-D12 

Fig.20 -  Different damage frequency variation of slings D14-D16 

In order to explore the influence of different damage degrees of cables on the bridge's 
natural vibration frequency, D1-D3, D4-D6, D7-D9, D10-D12 and D14-D16 for short cables, middle 
short cables, middle cables, middle long cables and long cables were taken to analyze the natural 
vibration characteristics under different damage degrees respectively. When the damage degree 
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are 25%, 50%, 75% and 100% respectively, the elastic modulus are taken as 1.5×105 MPa, 1×105 
MPa, 0.5×105 MPa and 1×10-5 MPa respectively. 

After the short cables D1-D3 damage, the frequency variation of three pairs of cables under 
different damage degree is shown in Figure 16. After the middle long cables D4-D6 damage near 
the cable tower, the frequency of three pairs of cables D4-D6 under different damage degrees is 
shown in Figure 17. When the middle arch rib long cables D7-D9 are damaged, the frequency of 
three pairs of cables D7-D9 under different damage degrees is shown in Figure 18. The frequency 
of long cables D10-D12 in the far tower under different damage degrees is shown in Figure 19. 
The frequency variation of short cables D14-D16 under different damage degrees is shown in 
Figure 20. As it can be seen from Figure 16, under the condition of short cable damage near the 
tower, the frequency variation amplitude presents a parabolic change of the upper opening. Under 
different damage degrees, the variation effect is mainly reflected in that the transverse bending 
mode of the arch (the 4th mode) and the transverse bending mode of the tower (the 5th mode) 
have almost no effect on the beam mode. As it can be seen from Figure 17, when the long cables 
D4-D6 near the tower are damaged, the frequency changes irregularly. Under different damage 
degrees, the variation effect is mainly reflected in the transverse and flexural modes of the arch 
(the fourth and fifth modes), and it has almost no effect on the beam mode and tower mode. As it 
can be seen from Figure 18, when the long cables D7-D9 near the tower are damaged, the 
variation of frequency presents a parabolic change of the upper opening. Under different damage 
degrees, the influence of variation is mainly reflected in the transverse bending mode of the tower 
and the transverse bending mode of the arch. As can be seen from Figure 19 and Figure 20, under 
the condition of damage to the long cable away from the tower and the short cable away from the 
tower, the frequency variation amplitude presents irregular changes. Under different damage 
degrees, the variation effect is mainly reflected in the beam tower vertical bending mode (mode 7 
and mode 8), and it has almost no effect on the arch mode. 

CONCLUSION 

In this paper, the self-vibration characteristics of the cable/sling under the damage of the 
cable-stayed arch bridge without back cable are analysed. The natural vibration frequency and its 
variation rule of bridges with different cable/sling damage and different cable damage degree are 
studied. The results of the study are as follows: 

（1） There is no torsional mode in the first several modes of the bridge. It is shown that the

special-shaped arch boom ensures the transverse mechanical performance of the broad section
main beam, and makes the main beam of the cable-stayed arch bridge have a large torsional
rigidity and a good ability to resist torsional deformation.

（2） With the increase of damage cable number, the frequency of 1st order vertical bending of

main beam and the frequency of 1st order vertical bending of main tower are linearly decreasing,
and the natural vibration frequency of bridge is the smallest when S9 cable is damaged. With the
increase of the number of the damage sling, the frequency of the 1st order vertical bending of the
main beam and the frequency of the 1st order vertical bending of the main tower are linearly
increasing.

（3） The frequency of the short cable varies regularly under different damage conditions, and

the damage is mainly reflected in the vertical bending mode of the low-order main beam (the
second mode). Under the different damage of the middle length cable, the damage is mainly
reflected in the 1st order vertical bending mode of the tower, the 1st order transverse bending
mode of the arch and the 2nd order transverse bending mode of the arch. The damage of long stay
cable is mainly reflected in the first order vertical bending mode of the tower and the first order
transverse bending mode of the arch. With the increase of damage degree, the frequency variation
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amplitude becomes larger and larger, which has little effect on the beam bending mode and the 
tower transverse bending mode. 

（4） The vertical stiffness of the main tower and the transverse stiffness of the wide main beam

should be taken into account in the design of the bridge with no back cable and arch combination
structure. Special attention should be paid to the construction and maintenance of long stay
cables, which will affect the performance of the whole bridge. It is better to scatter the suspends of
the arch to increase the transverse stability of the main beam.
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ABSTRACT 

The article deals with metric survey documentation of medieval and early modern kitchens 
preserved in various types of buildings in the Czech Republic. Historic kitchens are important but still 
neglected technical monuments in terms of knowledge of their functional and structural aspects. As 
part of the student scientific project, surveys and metric survey documentation were carried out, 
which are the bases for the creation of diagrams of the spatial and structural arrangement of 
medieval and early modern kitchens. For the article, five very well-preserved kitchens were selected 
which represent three construction types of historical kitchens. For selected examples, their current 
metric survey documentation was evaluated. According to its quality and according to the character 
of a particular kitchen, the method of new metric survey documentation was chosen – 3D geodetic 
measurement (total station), Terrestrial Laser Scanning (point cloud and 3D model) and close range 
photogrammetry (point cloud and textured 3D model). The aim was to test and evaluate the 
informative possibilities of these technologies. Outputs are the description and the metric survey 
documentation of the selected kitchens. These outputs will be used in the passports of individual 
buildings to evaluate their construction development. The documentation will also allow the creation 
of generalizing schemes of spatial and structural arrangement of the individual types of kitchens. 

KEYWORDS 

3D modelling, Building Archaeology Survey (BAS), Computer Aided Design (CAD), Close-
range photogrammetry, Geographic Information Systems (GIS), Historical kitchens, Terrestrial 
Laser Scanning (TLS) 

INTRODUCTION 

The article deals with metric survey documentation for research of historical kitchens in the 
Czech Republic. For a deeper knowledge of these parts of historical buildings, it is first necessary to 
obtain credible metric survey documentation that will allow the recognized facts to be correctly 
interpreted. As these are spatially complex systems, interdisciplinary cooperation is a necessity. 
Therefore, the article also evaluates the specifics and possibilities of application of digital 
3D technologies in evaluating the spatial and structural arrangement of five selected kitchens. The 
outputs will be used as bases for passports of the individual buildings, for the evaluation of building 
development and the typology of the kitchens and for the presentation of results. 

In terms of knowledge of their functional and structural aspects, the historical kitchens are 
important but still neglected technical monuments. Food preparation, its quality, quantity, level of 
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processing and culture of serving, in the past as well as today, have always been, still are and 
probably will be one of the main ways to present one's social status, etc. Therefore, the kitchen was 
an important place of a house or a residence, which was repaired, improved and modernized. 

So far, the metric survey documentation of kitchens in the Czech Republic has been carried 
out mainly within the documentation and focus of the entire building or area. Therefore, only the 
basic documentation of floor plans, in some cases sections and views, and photo documentation 
prevails. Detailed metric survey documentation of the historical kitchen was carried out, for example, 
in the area of Grabštejn Castle as part of a university thesis in 2016 [1]. At present, the rapid 
development of technologies for documentation and visualization of monuments enables the 
creation of digital 3D models. For example, the kitchen of the ruins of Roupov Castle was processed 
in 2017. Schemes of the spatial and structural arrangement of medieval and early modern kitchens 
have so far been solved and presented abroad in the framework of popular-science literature or 
installations and sightseeing tours on specific buildings. 

This article presents the specifics and pitfalls of surveying of historical kitchens and the 
possibilities of current measurement technologies for their documentation. 

 

Types of structures of historical kitchens 
Research into the functioning and construction development of kitchens and their 

documentation has not been at the forefront of research interest yet. The author dealt with the 
kitchens at medieval castles in Bohemia and France as a part of her studies and professional practice 
[2, 3]. In the Czech Republic, historians have been dealing with this issue since the 1990s. The initial 
interest in the study of court society [4–9] was transferred to the kitchens themselves [9–11] and 
attention was paid to them in the study of structural design of buildings [12]. 

The chosen method of smoke extraction had the greatest influence on the construction of the 
kitchens. Unfortunately, they are the vaults and chimneys that disappeared on the ruins soon after 
the trusses had collapsed, and on standing buildings they are often repaired or rebuilt after the onset 
of draft chimneys. Within the Czech Republic, only a few historical kitchens have been preserved 
without major reconstructions to this day. To determine the method of the smoke extraction from the 
kitchen, our team studies and compares individual kitchens and creates generalized schemes of 
their spatial and structural arrangement. So far, six basic types of smoke extraction have been 
defined1: 

Type 1: Kitchen, where the vault of the smoke-part of the kitchen forms the smoke-part of the 
chimney. 

Type 2: Kitchen, where the smoke-part of the chimney passes through the ceiling of the 
kitchen and extends into the floor above the kitchen. 

Type 3: Large kitchen with several chimneys located around the perimeter of the room on the 
floor above the kitchen. 

Type 4: Large kitchen vaulted with 4-6 fields of cross vault, i.e. to 1-2 on pillars or columns. 
One vaulted field was omitted and replaced by a smoke-part of the chimney. 

Type 5: Kitchen, where vault contributes to the direction of smoke into the chimney, 
e.g. a slightly rising barrel vault. 

Type 6: Kitchen, in which the so-called Collar (Mantel) caught and discharged smoke into the 
chimney. 

                                                

1 These conclusions were presented at the Castrum Bene 16 conference [13], the proceedings are in press 
currently. 
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The article presents five examples of very well-preserved kitchens, which illustrate the three 
types of structures of historical kitchens. 

METHODS 

For the research of medieval and early modern kitchen, the quality metric survey 
documentation is essential. This is also irreplaceable when comparing individual buildings and 
determining the development of both entire kitchens and certain structural elements. The metric 
survey documentation of the examined kitchen could usually be obtained in several ways: 

1. Archival survey – finding available metric survey documentation 

2. New detailed survey 

3. Addition of older metric survey documentation with a new more detailed survey2 

Since different types of data sets were combined with each other, it was necessary to 
establish uniform reference scale. The reference scale was selected 1: 50, which is most often used 
and can be very effectively applied when processing a 2D survey documentation (drawings), 3D 
point clouds or models [14–18]. 

 

Archival survey 

We always start our work by finding and collecting archival metric survey documentation 
(most often in the archives of the territorially relevant heritage institute or building office or in the 
state archive). However, the accuracy of older plans is proportional to the time of origin and purpose 
of the acquisition, and thus requires a critical analytical approach3. While the plans from the 18th 
and 19th century mainly provide information on the construction development of the building, the 
plans from the second half of the 20th century tend to be of very high quality. Even here, however, 
we encounter problems, because the space of the kitchen is not often surveyed in detail enough or 
the situation has changed since the time of the survey. In such cases, it is usually sufficient to perform 
a detailed survey of the monitored area only and thus subsequently supplement the older metric 
survey documentation. If the older metric survey documentation does not exist or cannot be used, a 
new detailed survey must be performed. 

Geographic Information System (GIS) 

Digitized archival metric survey documentation can be transformed into any coordinate 
system, which is defined by a sufficient number of identical points. For georeferencing scanned 
plans, the affine transformation [19] can be selected, which takes into account the different distortion 
of the plan sheet in the longitudinal and transverse direction4. If the number of identical points is 
excessive (more than 3), the accuracy of the transformation can be estimated and the deviations in 
the position of the identical points can be compensated by the least squares method. Due to the fact 
that cadastral maps are available in digital vector form for almost the entire territory of the Czech 
Republic today [20], it was possible to georeference the archival metric survey documentation into 

                                                

2 It was a detailed survey of the kitchen, for its location within the building, we used an older metric survey 
documentation. 

3 The requirements and the most common shortcomings of metric survey documentation for the needs of 
heritage preservation are described in [14]. 

4 The use of a higher degree of transformation leads to smaller deviations at identical points, but to larger 
local deformations. 
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the S-JTSK system (EPSG: 5514). The corners of the building were chosen as identical points or 
the network of crosses was used, if available. We successfully used GIS software ArcMap, v. 10.7.1 
[21] to process these data sets. 

Computer Aided Design (CAD) 

Current CAD software solutions enable vector drawing and direct modelling of spatial objects. 
They contain specialized functions for this purpose. They also support the layering of a drawing or 
3D model into thematic data layers. We successfully used AutoCAD [22] and MicroStation [23] 
software solutions for vectorization of georeferenced archival metric survey documentation and for 
the elaboration of new plans5. 

 

New detailed survey 

Ideally, the detailed survey was carried out so that it is divided into two parts taking place in 
parallel, which allows their mutual coordination and complementarity: 

1. New detailed survey, i.e. instructed 3D geodetic measurement of the building, according to 
[14]. 

2. Identification, photo documentation, description and dating of building structures, according 
to [24]. 

The first point is based on the geodetic measurements with the total station, which is used to 
determine the spatial coordinates of points of interest6. Their coordinates are calculated by the spatial 
polar method [25]. Other alternatives or extensions are Terrestrial Laser Scanning (TLS) and Close-
range photogrammetry (Crp). The second point is based on a tour of building structures and an 
understanding of their functions within a specific architectural solution. 

Terrestrial Laser Scanning (TLS) and Close-range photogrammetry (Crp) 

TLS is automated, i.e. non-selective, spatial data collection process – point cloud7. 3D laser 
scanners of various designs are used for this purpose. Data collection, i.e. measurement, takes 
place non-selectively, therefore it is necessary to select objects of interest during post-processing. 
At present, it is popular to use TLS, among other things, in heritage preservation [17, 18]. 

Crp is currently applied by solutions, i.e. procedures and systems, that allow, among other 
things, to process a coloured point cloud and a textured 3D model [16, 26, 27]. This makes them an 
alternative to TLS. In our cases, commercial photogrammetric software was used – Agisoft 
Metashape Professional, v. 1.6.4 [28]. 

RESULTS 

The final outputs of the metric survey documentation, including individual types of 
the kitchens, are presented in the following sections. 

                                                

5 Typically, these are floor plans, vertical sections, views or orthophotomosaics (final adjustment). 

6 That is, the points of interest are selected selectively during the survey and their coordinates X, Y and Z 
are measured at the same time. The calculations use the spatial polar method, whose mathematical 
foundations are well described in the literature, e.g. [25]. 

7 A set of points with known X, Y, Z coordinates, colours, etc. 
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The first type of the historical kitchens 

The first type of historical kitchens are kitchens, where the vault of the smoke-part of the 
kitchen forms the smoke-part of the chimney. It was supported by peripheral walls or an arched 
waist, which divided the kitchen space into a smoke-part and a clean-part. The clean-part of the 
kitchen used to be vaulted or flat-ceilinged. The chimney could be plastered on the outside or 
covered with gutter-tiles, plastering is more likely in the case of reinforcement of the chimney ribs on 
the outside. There were no more floors above the kitchen. A protruding or monastery vault was used 
for the construction of the smoke-part of the chimney. 

The monastery vault was used in the St. Agnes Monastery in Prague. The protruding vault 
was in the shape of a regular octagonal truncated pyramid, a regular quadrilateral truncated pyramid, 
or an irregular quadrilateral truncated pyramid. We documented the asymmetrical irregular four-
sided vault of the kitchen in the Old Palace in Jindřichův Hradec. The construction of regular 
chimneys is the same as the construction of helmets used to roof the towers. 

St. Agnes Monastery in Prague 

St. Agnes Monastery is situated on the right bank of the Vltava river, in Old Town area called 
„Na Františku“. The monastery of Poor Clares of the Order of Saint Clare and Franciscans was 
founded around 1231. The kitchen, based on a square floorplan with the monastery vault and ribs 
connecting on a chimney at the top, was built between 1238–1245 [29, 30]. The kitchen has been 
recognized in the past and today it is a part of the exhibition. The chimney on the vault is a new 
formation, the original has not been preserved. This kitchen belongs to the few medieval kitchens 
frequented in the literature. 

At present, it is a popular tourist attraction. Therefore, it was necessary to carry out the 
detailed survey outside the opening hours and in the shortest possible time. For detailed survey, we 
used Crp and TLS. For post-processing, we used RealityCapture software [31] and Metashape 
Professional software [28]. 

Old Palace in Jindřichův Hradec 

The area of Jindřichův Hradec Castle and Château, which has grown to the area of today's 
three and a half hectares over the centuries, was gradually built on the site of an older Slavic fortified 
settlement, documented by archaeological research since the 10th century. The construction of a 
medieval castle, called "Novum castrum" (New Castle) in the oldest historical report from 1220, is 
associated with the name of Jindřich Vítkovec [32]. 

The so-called Old Palace is partly basement, it has three floors and two mezzanines. It has 
undergone a complex construction development. Around 1400, the kitchen was established during 
the building alterations that took place on the north-west side of the palace in a place where it is 
close to the round bergfrit. The older part of the palace was followed by a tract, which joined the 
tower on the north side. Above the kitchen, a massive chimney was topped by a decorative head. 
Sometime before 1492, the youngest tract of the Old Palace was raised by another floor. This new 
floor was located roughly at the height of the kitchen. This enabled its reconstruction. The older small 
kitchen became part of the chimney and the kitchen itself was moved to a newly built room, from 
which the entrance to the palace was established. Access to the kitchen for cooks and catering was 
through the porch. 
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Fig. 1 – Kitchen in the area of the St. Agnes 
Monastery in Prague, exterior, view to the 

North 

Fig. 2 – Kitchen in the area of the St. Agnes 
Monastery in Prague, interior, 

orthophotomosaic, view to the North 

Fig. 3 – Jindřichův Hradec, chimney of the 
castle kitchen in the Old Palace, exterior, 

view to the West 

Fig. 4 – Jindřichův Hradec, kitchen in the Old 
Palace, interior, floor plan from TLS 
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Again, it is a popular tourist attraction. Therefore, it was 
necessary to carry out detailed survey outside the opening 
hours and in the shortest possible time. For detailed survey, we 
used TLS, which we supplemented operationally with Crp. 
Geomagic Wrap 2017 software [35] and Metashape 
Professional software were used for post-processing. 

The so-called Old Palace is partly basement, it has three 
floors and two mezzanines. It has undergone a complex 
construction development. Around 1400, the kitchen was 
established during the building alterations that took place on the 
north-west side of the palace in a place where it is close to the 
round bergfrit. The older part of the palace was followed by a 
tract, which joined the tower on the north side. At the time of 
construction, this tract was one floor lower than the older part of 
the palace. In the space of its attic, the small kitchen was 
inserted into the narrow space between the northern part of the 
palace and the bergfrit, connected by a door to the third floor of 
the original palace. Above the kitchen, a massive chimney was 
topped by a decorative head. Sometime before 1492, the 
youngest tract of the Old Palace was raised by another floor. 
This new floor was located roughly at the height of the kitchen. 
This enabled its reconstruction. The older small kitchen became 
part of the chimney and the kitchen itself was moved to a newly 
built room, from which the entrance to the palace was 
established. Access to the kitchen for cooks and catering was 
through the porch.  

Again, it is a popular tourist attraction. Therefore, it was 
necessary to carry out detailed survey outside the opening 
hours and in the shortest possible time. For detailed survey, we 
used TLS, which we supplemented operationally with Crp. 
Geomagic Wrap 2017 software [33] and Metashape 
Professional software were used for post-processing. 

Křivoklát 

The Křivoklát Royal Castle was founded at the beginning 
of the second quarter of the 13th century, the first stage of its 
construction lasted until the 1380s. A major reconstruction took 
place under Wenceslas IV. (1378-1419). After the great fire of 
1422, it was only temporarily repaired and a major construction 
intervention was carried out here by Jiří Poděbradský (1458-
1471). It was magnificently rebuilt during the reign of Vladislav 
Jagellonský from the late 1470s to the 1520s. In 1643, the castle 
was destroyed by fire. In 1658, the heavily damaged castle was 

pawned and sold shortly afterwards. A brewery was developed in the Lower Castle; the rest of the 
castle was only maintained. Another great fire damaged the castle in 1826. In the second half of the 
19th century and the first third of the 20th century, the castle was restored. In 1970s, heritage 
modifications and surveys were started.  

We know the kitchens in Křivoklát from the Vladislav reconstruction only. Until now, a small 
kitchen is preserved on the first floor of the tower Huderka. From the status of the castle before and 
after the fire of 1643, it is known the form of two kitchens in the northern front of the Lower Castle 

Fig. 5 – Jindřichův Hradec, 
axonometric section through the 
chimney of the kitchen in the Old 
Palace, state of knowledge and 
interpretation of found situations 

as of 11/2020 
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[34]. The first completely disappeared. The second is partially preserved in the mass of the house 
No. 132, which is adjacent to the complex of palaces of the Upper Castle. 

he BAS [35] was carried out for the house, which was deepened by our team members as 
part of the preparation of the scheme. In the part of the building where the kitchen was, there is a 
shop with a warehouse currently, so the rooms are filled with furniture and goods. Therefore, we 
used the quality metric survey documentation of the castle from 1966-67 to create plans [36]. 

The second type of the historical kitchens 

The second type of historical kitchens are kitchens, where the smoke-part of the chimney 
passes through the ceiling of the kitchen and extends into the floor above the kitchen. These kitchens 
are so large that the central chimney could not cover their entire space. In that case, the open fire-
platform was located in the centre of the room. There we columns or pillars8 around it. . Waists or 
lintels were mounted on them, which carried the chimney, so that the fire-platform was accessible 
from all sides. The smoke-part of the chimney penetrated the floors above the kitchen. Structurally, 
it was a regular quadrilateral truncated pyramid formed by a protruding vault. An example is the 
kitchen at the castle in Brtnice. 

8 For the older period, we have documented 4, for the younger period, we have documented up to 6. 

Fig. 6 – Křivoklát, axonometric section through the 
kitchen, reconstruction of the original appearance, state of 

knowledge and interpretation of found situations as of 
11/2020 



 
  Article no. 45 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

DOI 10.14311/CEJ.2020.04.0045 526 

 

Brtnice 

The château in Brtnice stands on the site of a late Gothic castle, which was first mentioned 
in 1436. The extensive layout surrounds three courtyards and is surrounded by Gothic-Renaissance 
fortifications. The château buildings were built gradually. The late Gothic castle was rebuilt and 
completed in the Renaissance style, the expansion continued in the late Renaissance. Renovations 
of the château took place after the Thirty Years' War, after 1760, when the château burned down 
[37], and before the middle of the 19th century [38]. During the renaissance reconstruction, the 
kitchen was inserted into the ground floor of a Gothic tower in the wing separating the first and 
second courtyards. It was completed before 1604.  

At present, it is not so frequented tourist attraction, i.e. with occasional tourist tours. This 
condition provided enough time for detailed survey and allowed the application of all measurement 
methods. Archival metric survey documentation from 1967-9 in the reference scale of 1 : 100 was 
georeferenced in the current cadastral map in GIS software. Using the archival metric survey 
documentation, it was possible to connect a new detailed survey with a total station to the S-JTSK 
(EPSG: 5514). The output of the detailed survey was the current floor plan in the reference scale of 
1:50 and the coordinates of the control points for Crp and TLS. In this case, it was desirable to 
document also on the adjacent surroundings of the kitchen, i.e. selected adjoining rooms. TLS was 
used for this. Furthermore, it was desirable to document the interior of the kitchen using Crp in order 
to create orthophotomosaics capturing the vertical structures of the fireplace. From the point clouds 
created by TLS and Crp, a combined point cloud was created, which was used to drawing the new 
floor plan. 

 

The third type of the historical kitchens 

The third type of historical kitchens are large kitchens with several chimneys located around 
the perimeter of the room on the floor above the kitchen. The kitchen is vaulted, in the corners or in 
the centres of the sides of the kitchen there are openings in the vault, which led smoke into the 
chimneys located on the outside of the perimeter walls of the building. The so-called Menhartka in 
Jindřichův Hradec (around 1500), probably the most famous Czech castle kitchen, has chimneys 
in the corners. It functioned unchanged until the 19th century. 

Menhartka in Jindřichův Hradec 

The mass of the Menhartka tower, in which the kitchen is located, contains three vertical 
parts of approximately the same height. The plinth section has heavier masonry projecting 90 cm in 
front of the middle part. The protrusion is terminated by a sloping flat covered with gutter-tiles and 
stone slabs. The middle part is architecturally divided by corner chimneys of the kitchen and bays. 
The upper part consists of a tent roof covered with gutter-tiles. The plinth and middle part form the 
space of the kitchen. In the upper part, a representative room called "Courtroom" was, according to 
the fresco decoration [39]. 

Detailed survey was carried out during the same campaign as in the Old Palace. We used 
TLS for detailed survey. Due to the fact that it was a high building with black ceilings (from soot) and 
insufficient lighting9, it was the only measuring technology that made sense to apply under the given 
conditions. Geomagic Wrap 2017 software was used for post-processing. 

 

                                                

9 It was a combination of insufficient natural light and the unavailability of sufficient artificial lighting. 
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Fig. 7 – Kitchen in Brtnice - floor plan 1:100, 
1967-1969 

Fig. 8 – Kitchen in Brtnice - floor plan 1:50, 
present 

Fig. 9 – Kitchen in Brtnice, orthophotomosaic 1:20 - view to the East 
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CONCLUSION 

During the solution of our project, our own work-flow for the implementation of metric survey 
documentation and selection of measurement technologies proved to be successful: 

1. The aim of the archival survey is to find and collect suitable archival metric survey
documentation.

a) There is a high-quality archival metric survey documentation10 that can be georeferenced
into the reference coordinate system, and which can be further used as a basis, only
supplemented by additional surveys of some details, see Křivoklát.

b) There is a quality archival metric survey documentation that can be georeferenced to the
reference coordinate system. However, its Level of Detail in the monitored kitchen-space
is not sufficient. Therefore, it is necessary to supplement it with further detailed survey.
The type of this survey depends on the character of the documented space, see Brtnice.

c) There is no suitable archival metric survey documentation, see St. Agnes Monastery in
Prague, Old Palace and Menhartka in Jindřichův Hradec.

2. The aim of the detailed on-site survey is to get to know the object and, as a result, may
influence the way of surveying.

a) The existing archival metric survey documentation 11is used, see Křivoklát.

b) The existing archival metric survey documentation is supplemented, see Brtnice.

c) A new 3D geodetic survey of the building 12  is being implemented, see St. Agnes
Monastery in Prague, Old Palace and Menhartka in Jindřichův Hradec.

3. The aim of the post-processing of the detailed survey is to create comprehensive sets of
spatial data that can be further analysed according to the purpose of acquisition, see Figure 4
and Figure 11.

4. The aim of processing of final outputs is to create a comprehensive set of outputs that
concisely describe and display the examined space, see Figure 5, Figure 6, Figure 8,
Figure 9, Figure 11 and Figure 12.

The detailed on-site survey can be usually complicated in several types of building spaces:

 inaccessible spaces – an example is the middle vertical part of Menhartka, where it is not
visible through the ledge and into the chimney orifices, so terrestrial measurements cannot
be used.

 confined spaces where it is not possible to get a sufficient distance, see Old Palace and
Křivoklát

10 Ideally, we were looking for older metric survey documentation processed by the measuring group of 
SÚRPMO, or another organization according to the requirements of SÚRPMO employees, because it is 
usually of high quality. 

11 According to the evaluation of the documented space, it is necessary to choose the method of 
supplementing - updating or correcting the older metric survey documentation or creating a new one, if the 
older one is not usable. 

12 The construction of some buildings may be such that the total station is the most efficient for the survey, 
i.e. buildings in good construction and technical condition without major reconstructions. For others, it may
be the most effective to perform the survey using TLS or Crp.
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 used spaces, i.e. living rooms, warehouses or shops, where spaces are cramped due to
furniture, goods, etc., see Křivoklát

 spaces with dark to black walls – generally, complicate targeting when surveying with a total
station and form monochromatic spaces, which are unsuitable for close photogrammetry;
examples are the lower and middle vertical part of Menhartka and some parts of Brtnice

 spaces with significant architectural elements – examples can be, for example, vaulted ribs
in the St. Agnes Monastery in Prague

Detailed survey using the total station is a universal solution. It is advantageous to apply it in
cases where the required outputs are drawings – floor plans, etc., because it allows adapting the 
workflow of the survey to the desired output. When surveying larger or more complex buildings and 
combining different measurement technologies, it is necessary to create a uniform spatial framework, 
i.e. a survey net, for the whole campaign. When archival metric survey documentation is used, it is
possible to focus on identical points in this way, which will enable the connection of data and surveys
in GIS. In cases, where TLS or Crp is used, it is possible to measure the control points in this way.
Its disadvantage is the time-consuming process of the survey, so its larger application is not
advantageous in time pressure.

Detailed survey using the TLS is a fast automated solution that offers high demands on 
detailed shape fidelity during time pressure for the survey.  Its advantages are the possibility of 
independent application without the support of other technologies, independence from lighting 

Fig. 10 – Jindřichův Hradec, Menhartka 
kitchen, exterior, top view to the North-West 

Fig. 11 – Jindřichův Hradec, Menhartka 
kitchen, interior, vertical section of 3D 

model from TLS, view to the North-West 
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conditions when surveying and a colour of the 
scanned object. In some cases, it may be 
advantageous to measure several identical or 
control points in order to be able to connect to the 
survey with archival metric documentation or other 
performed surveys. Confined and inaccessible 
spaces and spaces with dark to black walls are 
usually advantageous to survey using TLS. There 
are usually crucial a shape and a structure of 
constructions not colour. Its disadvantage is the 
time-consuming post-processing of large amounts 
of spatial data. Furthermore, in some cases, the 
export of bases for the elaboration of drawings13 
– floor plans, vertical sections, etc. can be
complicated.

Detailed survey using the Crp is an 
alternative to TLS. In our practical experience, it is 
advantageous if the control points are measured 
using the total station. Its disadvantages are the 
dependence on the lighting conditions during the 
survey and colour of the photographed object, 
when monochromatic surfaces are problematic. 
On the contrary, its advantage is that it allows the 
creation of orthophotomosaics, which can be 
supplemented with drawings. This is especially 
true for vertical views and sections, which thus 
increase their informative value. 

The historical kitchens, together with 
smoke-extracting structures, are spatially very 
complex. In addition, due to frequent 
modifications, the found situations in the kitchens are also very complicated. The presented detailed 
surveys show that it is possible to create clear 3D models and provide documentation with maximum 
data retention. 

The detailed metric survey and the clarification of constructions will allow defining basic 
features of historical kitchens, which can be recognized both in the ruins (especially castles, 
fortresses) and in a standing but rebuilt building. This will then assist in the identification of the 
remains of the original kitchens during the Building Archaeology Surveys (BAS) of the buildings as 
well as in the design of building modifications and repairs. 

13 Historical buildings usually have an irregular floor plan. In the metric survey documentation of historical 
buildings for the needs of heritage preservation, it is a common practice that to increase its informative 
value, vertical sections of the building are inclined in floor plan, e.g. parallel to the selected wall, or divided 
into partial parts, which are shifted relative to each other in floor plan. 

Fig. 12 - Jindřichův Hradec, axonometric 
section of Menhartka kitchen (1.1 - space 
under segmental waists; 1.2 - waists; 1.3 - 
chimney orifice; 2 - Courtroom), state of 
knowledge and interpretation of found 

situations as of 11/2020 

. 12 - Jindřichův Hradec, axonometric 1
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ABSTRACT 

The influence of large-scale unloading of soil on existing metro tunnels is a difficult problem 

in the operation of Metro in sandy gravel strata. In order to predict and control the tunnel 

deformation and ensure the safety and normal operation of the metro, three-dimensional numerical 

models are proposed in this study. These models based on the line 5 of Chengdu subway 

engineering and the adjacent unloading projects analyse the deformation and stress characteristics 

of existing metro tunnels under large-scale unloading of soil. In conclusion, after comprehensive 

reinforcement measures such as advanced tubal curtains and horizontal beams, anti-floating 

anchor cables, the elastic modulus of strata is improved to a certain extent, and the rebound of pit 

bottom soil is effectively reduced. After the excavation of the foundation pits are completed, the 

maximum longitudinal uplift of left and right tunnel is 8.33 mm and 9.56 mm under reinforced 

condition, which is less than the control standard value of 10 mm. 

 

KEYWORDS 

Shield tunnel, Pit excavation, Sandy gravel statement-floating stability measures, Numerical 

modelling 

 

INTRODUCTION 

Foundation pit projects in the dense urban areas frequently are constructed on existing 

subway tunnels. These large-scale unloading will break the original mechanical balanced state, 

cause rebound deformation and settlement of the surrounding soil, which will lead to additional 

stress and deformation of adjacent existing metro[1-4]. Increasing concerns have been raised about 

the effects of large-scale unloading on the existing subway tunnels in urban underground projects. 

A large number of scholars have used a variety of methods to study the effects of foundation pit  
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excavation on adjacent subway structures, including centrifuge tests [5-7], field tests[ 8-10] and 

numerical simulations [11-13]. 

Through physical model tests, the effects of unloading conditions on stress-strain of existing 

tunnels are studied. Kusakabe et al. [14-15] based on model tests, the influence of excavation 

unloading of soil in sandy soil on existing tunnels is studied. Field measurement is the most direct 

method to study the proximity between unloading project and existing metro tunnel. Sharma et al. 

[16-17] installed a precise monitoring system in a tunnel in Singapore to monitor the effect of large 

excavation on the deformation of adjacent tunnels. With the growing number of such cases, 

predicting the tunnel’s displacements has been increasingly important to reduce the risk of 

excavations. Most researchers simulated the interaction behaviour between tunnels and excavation 

by using numerical methods. Chakeri et al. [18-20] took foundation pits crossing subjacent tunnels 

as an engineering background, and established three-dimensional numerical models for analysis by 

using the finite difference software FLAC3D. Some semi-analytical methods to evaluate the heave 

of underlying tunnel induced by adjacent excavation are presented and verified by field 

measurement results [21-23]. 

However, the previous practice and theoretical research are lacking in the analysis of the 

deformation and loading condition of existed metro tunnels under large-scale unloading in the 

sandy gravel strata [24-27]. Sandy pebbles are the products of long-term transport of rocks 

interacting with flowing water and riverbed. Sandy gravel strata are generally composed of cohesive 

soil or sand-pebble, coarse sand and pebble, which are characterized by loose structure, uneven 

distribution, low cohesion, low plasticity, great compressive stress but little tensile stress and strong 

discreteness [28-30]. The line 5 of Chengdu subway engineering located in the sandy gravel strata 

of Chengdu Plain, China, which will be put into use in the end of 2019. When the metro is completed, 

the municipal tunnel above the metro will be constructed, and this adjacent unloading project will 

have an impact on the existing metro tunnel. 

 

ENGINEERING OVERVIEW 

Engineering geology  

The planned construction between Saiyuntai Station and Dafeng Station of line 5 of 

Chengdu Metro is located at the main trunk of the traffic, which has dense surface buildings and 

complex underground stilts. According to geological survey, the top-down distribution of strata in the 

study area is shown in Figure 1. 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/centrifuge
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Fig.1-Geological profile 

 

Introduction of Engineering 

The total length of line 5 of Chengdu Metro is about 49 kilometres. The section works 

between Saiyuntai Station and Dafeng Station whose stake is from K0+760 to K0+800 underneath 

pass throat area of Baoji-Chendu railway, and the building map diagram is shown in Figure 2. The 

relative spatial position of the municipal tunnel and line 5 of Chengdu Metro is shown in Figure 3. 

The municipal tunnel will be constructed by cut-and-cover method and divided into two parts: the 

south side foundation pit and the north side foundation pit. The foundation pit on the south side has 

been excavated before the excavation on Line 5 of Metro,so the unloading of the foundation pit on 

the north side will affect the structure of the lower subway.

   

Fig.2 - Plane position sketch of subway shield     Fig.3 - Diagram of relative position between  

zone         municipal tunnel and line 5 

The relative horizontal position and vertical position of the municipal tunnel and line 5 of 

Chengdu Metro are shown in Figure 4. The plane dimension of the north side foundation pit is 

35m×59m, including the west side relief road, the main foundation pit I, the main foundation pit II 

and the east side relief road. The foundation pit excavation unloading depth is about 12m, and the 

minimum distance from the bottom of the foundation pit to the vault of the shield tunnel below is only  

http://dict.youdao.com/w/horizontal%20position/#keyfrom=E2Ctranslation
http://dict.youdao.com/w/vertical%20position/#keyfrom=E2Ctranslation
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2m. The burial depth of shield tunnels is 10.8 to 17.8 m, in which inside diameter is 6 m and outside 

diameter of 6.4 m.  

 
Fig.4 - Plane Position Diagram 

In this project, the unloading of a large range of soil will affect the tunnel below [31]. 

Considering the lack of construction experience of short distance unloading above Metro in gravel 

strata, the safety control standard of Chengdu Metro Line 5 is formulated in combination with the 

Technical Specification for Monitoring Urban Rail Transit Engineering. 

 

Tab.1 - Safety control standards of Chengdu Metro line 5 

Monitoring items and scope Shield tunnel in operation 

Horizontal and vertical displacement of tunnel   10mm  

Radial convergence of tunnel   10mm  

Deformation curvature radius of tunnel   1500mR  

Deformation relative curvature of tunnel   1/2500  

Opening of segment joints   2mm  

Lateral height difference of track   4mm  

Void content of track bed   5mm  

Crack width of structure   mm2.0  

 

COMPREHENSIVE REINFORCEMENT MEASURES 

Advanced Tubal Curtains and Horizontal Beams 

In order to reduce the influence of municipal tunnel construction unloading on the additional 

deformation and internal force of the existing shield tunnel structure, the soil above the arch of line 5 

of Chengdu Metro shield tunnel is strengthened by using the joint support of advanced tubal 

curtains and horizontal beams. There are two layers of advanced tubal curtains, the lower side 

advanced tubal curtains whose longitudinal length is 51.5 m, diameter is 800 mm and  

http://www.youdao.com/w/eng/void_content/#keyfrom=dict.basic.wordgroup
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circumferential distance is 850 mm are semi-circular along the tunnel vault, and the upper side 

advanced tubal curtains are horizontally placed under the bottom of the municipal tunnel, which 

layout diagram is shown in Figure 5. The advanced tubal curtains that use locks to ensure the 

stability of the interface are 67. After the construction of the advanced tubal curtains is completed, 

the micro-expansion concrete is filled to enhance the longitudinal bending stiffness of the advanced 

tubal curtains.  

Fig.5 - Strengthened sketch of advance tubal curtains and horizontal beams 

Anti-floating Anchor Cables 

In order to further strengthen the safety of the subway operation, the prestressed anchor 

cables and the tunnel segments are connected to control the floating of the shield tunnel. The 

affected area under the foundation pit of the municipal tunnel and within 100m of the longitudinal 

tunnel segment, the prestressed anchor cables are arranged at the bottom and side of the tunnel 

segments and the layout of anchor cables of each ring tunnel segment is shown in Figure 6. Seven 

tension points are set for each segment, a total of 933 tension points are set in the range of 100 m. 

Each prestressed anchor cable is about 10m, the anchor end is about 8m, and the free end is 2m. 

Through mechanical analysis, the prestressed anchor cable that is flexible structure is composed of 

3 steel strands whose diameter is 15.2mm and pre-stress force is 200 kN. 

Fig.6 - Layout of anti-floating anchor cables 
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NUMERICAL MODELLING 

Finite Element Model and Selected Parameters 

The excavation foundation pit of the municipal tunnel, which is 12m high, 59m long and 35m 

wide, is built above line 5 of Chengdu Metro. The numerical calculation model was established by 

using Midas NX finite element software. The length was 180m (X direction), the width was 130m (Y 

direction), and the calculated depth was 50m (Z direction), which can eliminate the influence of 

boundary conditions. The overall model is shown in Figure 7(a). The modified Mohr-Coulomb 

constitutive relation is adopted in the model. The model soils are simulated by solid elements, the 

tunnel segments adopt the shell elements, the foundation pit retaining structures are simplified to be 

equivalent to the 2D plate elements, the advanced tubal curtains and internal supporting structure of 

steel pipe are made of beam element, and the anti-floating anchor cables are simulated by 

embedded truss. The reinforcement structures are shown in Figure 7(b-d). The boundary conditions 

restrict the normal displacement, the bottom boundary restricts the vertical displacement, and the 

upper boundary is the free surface.  

  

(a) Integral mesh (b) Strengthened structure sketch 

             
(c) Advanced tubal curtains and horizontal 

beams 
(d) Anti-floating anchor cables 

Fig.7 - Computational model and strengthened structural diagram 

The specific soil and structure parameters were determined by the "Special Exploration 

Report of sandy gravel strata of Shield Tunnel of Line 5 of Chengdu Metro " and the empirical 

values of mechanical calculation parameters of each rock layer in Chengdu area. Detailed 

formation mechanics calculation parameters and structural parameters are shown in Tables 2 and 

3. 
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Tab.2 - Physico-mechanicalparameters of soil 

Types 
  

(kN·m-3) 
v  

c  

(kPa) 

  

(°) 

ref
E
50  

(MPa) 

ref
oed

E  

(MPa) 

ref
erE  

(MPa) 

K0 
H 

(m) 

Miscellaneous fill 18 0.2

7 

8 10 8 8 24 - 3 

Silty clay 19.5 0.3

2 

37.1 17.

1 

6 6 18 0.40 0.6 

Loose pebbles 18.5 0.3

3 

0 30 5.5 5.5 16.5 0.33 3.2 

Lower dense pebbles 21 0.3

2 

0 35 23 23 69 0.30 4.2 

Medium dense 

pebbles 

22 0.2

8 

0 40 29 29 87 0.25 12 

Dense pebbles 23 0.3

0 

0 45 33 33 99 0.20 >20 

 

Tab.3 - Structural parameters 

Types 
  

（kN·m-3） 

E  

（kPa） 
v  

Sectional 

parameters 

Segment 24 3.8×107 0.2 D=6.4m，d=6.0m 

Advanced tubal curtain 25 3.15×107 0.3 Φ800 mm 

Horizontal beam 25 3.15×107 0.3 Φ800 mm 

Anti-floating anchor 

cables 

78 1.95×108 0.3 Φ150 mm 

Retaining pile 25 3.0×107 0.2 Φ1200 mm 

Temporary support 78 2.1×108 0.3 Φ169 mm 

Annotation:   is the volume weight，v  is the poison’s ration，c  is the cohesion，  is the friction 

angle，E  is te elasticity modulus， ref
E
50

 is the secant stiffness of triaxial test， ref
E
oed

 is the tangent 

stiffness of primary consolidation load experiments， ref
erE  is the unloading elasticity modulus. 

 

Simulation of Construction Conditions 

When the foundation pits are excavated, the foundation pit supporting structures are first 

applied, and then the soils are excavated. The excavation sequence is from the west side relief road 

of foundation pit to the east. The foundation pit is divided vertically into multi-layers. The depth of 

each excavation is 2 m. When the main foundation pit II and the east side relief road are excavated, 

the method of vertical stratification and horizontal segmentation is adopted to excavate the soil 

within 6 meters above the bottom of the pit. The test section of 6 m long foundation pit excavation 

above the tunnel is set up, as shown in Figure 8. 

 

http://www.youdao.com/w/cohesion/#keyfrom=E2Ctranslation
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Fig.8 - Sketch of excavation test of foundation pit 

 

RESULT ANALYSIS 

Deformation and Stress 

Figure 9 shows the changing rule of the deformation of the bottom of foundation pit under 

different excavation stages. After the excavation of the west side relief road is completed, the 

maximum uplift deformation at the bottom of the pit is 4.75 mm, while the soil above the left side 

tunnel has a certain degree of sinking, with a maximum of about 3.9 mm (Figure 9a). After the 

excavation of the main foundation pit I is completed, the bottom uplift of the west side relief road 

foundation pit continues to increase to 7.95 mm, and the maximum uplift at the bottom of the main 

foundation pit I is 5.17 mm. At this time, the settlement of the soil above and around the left-line 

tunnel gradually becomes smaller. (Figure 9b). After the excavation of the main foundation pit II, the 

maximum bulge at the bottom of the pit is mainly located at the bottom of the main pit I, which is 

about 9.69 mm (Figure 9c). After the excavation of the municipal foundation pit is completed, the 

whole bottom of the pit is bulged, and the maximum bulge is 11.1 mm (Figure 9d). 

  

(a) After the excavation of west side relief road  (b) After the excavation of main foundation pit I  
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(c) After the excavation of main foundation pit II (d) After the excavation of east side relief road 

Fig.9 - Deformation of foundation pit bottom at different excavation stages 

From the bottom bulge value of the foundation pit shown in Figure 10, it can be seen that the 

maximum bulge of the foundation pit occurs at the centre of the main foundation pit I, about 11.1 

mm, and the ridge change of the main foundation pit II is 8-10 mm. The main foundation pits have a 

relatively large degree of uplift, while the foundation pits of east and west side relief road are 

relatively small. This is mainly because the main foundation pit has a larger excavation size and 

wide unloading range than the auxiliary road foundation pit, so the bulge deformation of the bottom 

of the pit is increased to some extent.  

 

  

Fig.10 - Distribution of pit bottom upheaval after excavation of foundation pit 

Figure 11 shows the vertical displacement of the left and right line tunnels under different 

working conditions. Since the west side relief road and the main foundation pit I are relatively far 

from the line 5 of subway, the vertical displacement of the tunnel is mainly settlement, and the 

maximum settlement is 3.8 mm. After the excavation of the foundation pit II above the right-hand 

subway tunnel is completed, the maximum uplift of the right-line tunnel is 6.37mm, while the 

deformation of the left-line tunnel is basically zero, and the tunnel undergoes upward uplift 

deformation after settlement. After the excavation of the foundation pits are completed, the 

maximum ridge of the right-line tunnel is 9.56mm, and the maximum ridge of the left line is 8.33mm, 

which occurs below the centre of the pit bottom and above the tunnel axis. 
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(a) After the excavation of west side relief road  (b) After the excavation of main foundation pit I  

  

(c) After the excavation of main foundation pit II (d) After the excavation of east side relief road 

Fig.11 - Vertical displacement change of tunnels under different excavation conditions 

It can be seen from the above analysis that the maximum settlement and uplift deformation 

of the tunnel in each working condition occur above the tunnel vault. In order to visually study the 

effect of soil unloading on the vertical deformation of the subway tunnel along the axis, a research 

point is selected every 2m along the longitudinal direction of the tunnel to extract the vertical 

deformation at the position of the tunnel vault, as shown in Figures 12. After the excavation of the 

west side relief road is completed, the left and right tunnels will undergo settlement deformation in 

the area below the foundation pit, and the main settlement is about 3-3.8 mm. As the foundation pit 

gradually excavated in the direction of the tunnel, the left and right tunnels began to bulge upward. 

When the excavation of the main foundation pit II is completed, the right-line tunnel in the area 

below the foundation pit exhibits a bulging deformation, and the maximum bulge amount is about 6 

mm. However, the left-line tunnel deformation is almost zero, which means that the settlement and 

bulging of the tunnel cancel each other out. After the excavation of the foundation pit, the maximum 

ridge deformation of the right tunnel is about 9.56 mm, and the maximum ridge of the left line is 

about 8.33 mm, which is less than the proposed 10 mm deformation control standard. 
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(a) Right line tunnel vault (b) Left line tunnel vault

Fig.12 - Vertical displacement curve of tunnels vault under different excavation conditions 

It can be seen from Figure 12 that the maximum deformation position of the left and right 

tunnels occurs at the middle of the tunnel (Y=55m), and also near the centre of the Y-direction of 

the municipal frame foundation pit. Therefore, the section is the most unfavourable section showing 

the safety of the tunnel structure when the soil is unloaded. The vertical displacement of the joint at 

the vault position of the section is extracted with the deformation value of the excavation step of the 

foundation pit as shown in Figure 13. It is noteworthy that when the construction of the main 

foundation pit II begins, the right tunnel begins to rise upward, the curvature of the tunnel uplift 

curve increases, and the deformation rate accelerates. At the same time, with the increase of the 

excavation depth of the foundation pit, the right tunnel has a larger increase rate and uplift value 

than the left tunnel, and the uplift deformation increases nonlinearly. When the east side relief road 

starts construction, the rate of change of the right-line tunnel uplift is relatively reduced, but the 

growth rate of the left-line tunnel is significantly increased. During the construction, the deformation 

of the subway tunnel should be monitored closely in real time, and effective and reasonable 

unloading methods should be adopted in time to ensure the safety and controllability of the subway 

structure. 

Fig.13 - Variation of vertical displacement of tunnels vault during unloading of soil 
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Reinforcement Effect 

Reinforcement Advanced Tubal Curtains and Horizontal Beams  

In order to further analyse the effect and degree of the active reinforcement measures of 

advanced tubal curtains and horizontal beams, the vertical displacement of left and right tunnel 

under three conditions is analysed by comparing the unreinforcement conditions and the 

reinforcement conditions of comprehensive measures. Figure 14 shows the variation of vertical 

displacement of left and right tunnel under different reinforcement conditions. The figure shows that 

the final vertical displacement of the left and right tunnels exceeds the stipulated 10 mm control 

standard under the unreinforced condition, which shows that the conventional unloading control 

measures cannot meet the control requirements of Metro deformation. After adopting advanced 

tubal curtains and horizontal beams reinforcement measures, the vertical uplift displacement of the 

tunnel decreases significantly, and the left tunnel uplift displacement decreases to about 10 mm, but 

the right tunnel uplift displacement still exceeds the limit, so the deformation of Metro Line 5 still 

does not meet the requirements. 

 

  (a) Vertical displacement of right tunnel         (b) Vertical Displacement of Left Tunnel 

Fig.14 - Vertical displacement of tunnels under different reinforcement measures 

 

Reinforcement Anti-floating anchor cables 

In order to obtain the treatment effect of anti-floating anchor cables reinforcement measures, 

the variation laws of vertical displacement of left and right tunnel under three conditions were 

compared and analysed in combining with the unreinforcement conditions and the reinforcement 

conditions of comprehensive measures. Figure 15 shows the variation of vertical displacement of 

left and right tunnel under different reinforcement conditions. The figure shows that the uplift 

displacement of the left tunnel is reduced to about 10.3 mm and that of the right tunnel is reduced to 

about 11.68 mm after adopting anti-floating anchor cables reinforcement measures, but all of them 

exceed the deformation limit, which indicates that anti-floating anchor cables reinforcement alone 

cannot meet the control requirements of Metro deformation. 
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   (a) Vertical displacement of right tunnel         (b) Vertical Displacement of Left Tunnel 

Fig.15 - Vertical displacement of tunnels under different reinforcement measures 

From Table 4, it can be seen that the maximum longitudinal uplift of left and right tunnel is 

11.85 mm and 14.32 mm under unreinforced condition after all excavation of foundation pit has 

been completed. The vertical displacement of the left and right tunnel is reduced to 9.28 mm and 

11.27 mm, which reduces respectively by 17.1% and 21.3% after adopting advanced tubal curtains 

and horizontal beams reinforcement measures. The vertical displacement of the left and right tunnel 

is reduced to 10.29 mm and 11.68 mm, which reduces respectively by 13.1% and 18.4% after 

adopting anti-floating anchor cables reinforcement measures. After adopting comprehensive 

reinforcement measures, the vertical displacement decreases by 29.7% and 33.2% respectively, 

and the reinforcement effect is more obvious. Comprehensive reinforcement measures can meet 

the control requirements of Metro deformation, but the two measures cannot meet the control 

requirements of Metro deformation when used singly. 

 

Tab.4 - Maximum vertical displacement of tunnels under three reinforcement measures 

Tunnel 

displacement 

Location of 

measured 

points 

Unreinforced 

excavation 

condition 

Reinforcement 

advanced tubal 

curtains and 

horizontal beams  

Reinforcement 

anti-floating 

anchor cables 

Reinforcement of 

comprehensive 

measures 

Vertical 

displacement 

Left line vault 11.85mm 9.82mm/17.1% 10.29mm/13.1% 8.33mm/29.7% 

Right line vault 14.32mm 11.27mm/21.3% 11.68mm/18.4% 9.56mm/33.2% 
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CONCLUSION 

(1)   The comprehensive reinforcement measures such as advanced tubal curtains and 

horizontal beams, anti-floating anchor cables have obvious reinforcement effect. To a certain extent, 

the elastic modulus of the strata is improved, the rebound of the soil at the bottom of the pit is 

effectively reduced, and the excessive uplift of the tunnel structure is avoided. 

(2)   After the excavation of the foundation pits are completed, the maximum uplifts of the left 

and right tunnels are 9.56 mm and 8.33 mm respectively, which are less than the control standard 

requirement of 10 mm, and have a certain safety reserve. 

(3)   When the construction of the main foundation pit II begins, the right tunnel begins to uplift 

upwards, the curvature of the uplift curve increases, and the deformation rate accelerates. At the 

same time, with the increase of excavation depth of foundation pit, the increase rate and uplift value 

of the right tunnel are larger than that of the left tunnel, and the uplift deformations increase 

nonlinearly. When the construction of the east side relief road begins, the change rate of the right 

tunnel uplift decreases relatively, but the growth rate of the left tunnel increases significantly, and 

the horizontal displacements increase nonlinearly. Therefore, it is necessary to monitor the 

deformation of metro tunnel in real time and adopt effective and reasonable unloading methods in 

time, which can ensure the safety of metro structure. 

(4)   Compared with the unreinforced condition, the vertical displacements of the left and right 

tunnels are reduced respectively by 13.1% and 18.4% after the anti-floating anchor cables 

reinforcement measures are adopted. The vertical displacements of the left and right tunnel are 

reduced respectively by 17.1% and 21.3% by adopting the advanced tubal curtains and horizontal 

beams reinforcement measures. But, the two measures cannot meet the control requirements of 

metro deformation when used alone. 
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ABSTRACT 

This study included the experimental production and investigation of the mechanical 
properties of paving tiles produced from a mixture of laterite, silica sand, pulverized cow bones, 
and cement. Empirical models of compressive and flexural strength were also developed and 
herein presented for the paving tiles. The maximum compressive strength of the paving tiles were 
obtained for 20, 15, and 10% cement content as 5.05, 5.05 and 3.08 MPa, while the maximum 
flexural strength for similar values of cement content were obtained as 1.83, 1.21 and 0.26 MPa 
respectively. The results indicate that there was no noticeable difference in the values of the 
compressive strength at 20 and 15% cement content, while a sharp reduction of the mechanical 
properties was experienced as the cement content reduces from 15 to 10%. Recommended 
composition for paving tiles with pulverized cow bones composite is cement, 15%; pulverized cow 
bones, 30%; laterite 35% and silica sand, 20% respectively. Sustainable production of paving tiles 
and a sustainable environment can, therefore, be enhanced by replacing granite constituent with 
waste cow bones, which can easily be replicated by the empirical models herein developed. 

KEYWORDS 

Empirical models, Compressive strength, Flexural strength, Pulverized cow bones, Laterite 

INTRODUCTION 

Global consciousness on the environment has been on the increase in recent years, which 
has engineered several existing environmental protection programs not only to focus on protecting 
the natural resources, but also to instigate the judicious use of waste materials, and curtail the level 
of environmental damage. It is of good benefit and importance for developing countries around the 
world to seek means to create a sustainable development in order to key into such protection 
programs. The increasing population of the world has propelled both private and public 
organizations to constantly embark on infrastructural development, a scenario that has encouraged 
the use of building accessories and products such as paving tiles. It is therefore imperative to 
constantly explore sustainable materials to develop some of the infrastructural products that would 
guarantee a sustainable environment [1]. 

 Several applications are being developed to make use of discarded animal bones, in the 
field of biomedical engineering; animal bones have been used as reinforcement and binding 
agents for different composite applications such as polyesters, epoxies etc. [2-3]. The potentials of 
pulverized animal bones as pozzolanic material was also established by Falade et al. [4] and was 
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found to exhibit good pozzolan character. Therefore, recycled waste bones are considered as a 
composite material for the production of paving tiles in this study. 

 Paving tiles are usually of different shapes and sizes; they range from square, rectangle, 
star shape etc. The standard thicknesses are usually 60 mm with common dimensions of 60 x 30, 
40 x 40, and 30 x 30 cm [5-6]. In Nigeria, the conventional materials used in the production of 
paving tiles are granite, silica sand, and cement as a binder. Making use of bones in the production 
of paving tiles will not only help clean the environment of the ugly pile of bones in abattoirs but 
would also provide a sustainable means of production, due to its availability. Furthermore, the 
breaking strength of 9.9 kg makes it a suitable substitute for granite particles in paving tiles 
productions [7]. Several works have been conducted on the use of readily available and affordable 
materials in the manufacturing of paving tiles. Ohijeagbon et al. [1] used laterite as a partial 
replacement of granite in the production of interlocking tiles due to the availability of laterite. Ajao 
and Ohijeagbon [8] successfully utilized corncobs, an agro-waste and charcoal to produce paving 
tiles, but the sustainability of corncobs waste presents a limitation due to the seasonal availability 
of agricultural wastes. Therefore this study aim at investing the impact of pulverized cow bones on 
the mechanical propertie of paving tiles and creating a model to predict the mechanical properties 
of produced paving tiles for future application. 

METHODS 

Laboratory Experiment 

The raw materials used were laterite, silica sand, pulverized cow bones and cement. The 
particle sizes of materials used were 1000, 500 and 4750 µm respectively. Mass of materials 
required to cast a unit tile were weighed according to the proportion of aggregate mix presented in 
Table 1. The constituents were thoroughly mixed together before the addition of water and further 
mixing was done to obtain a homogeneous mixture. Each unit of tile was mixed independently to 
avoid rapid setting of the mixture. A mold size of 200 × 100 × 60 mm was filled to its maximum 
volume, rammed with a 2.5 kg rammer with 28 blows; the surface was leveled and trimmed. This 
was done in accordance with Agunwa [9] and Omoniyi et al. [10].  

Used automobile engine oil was used to smear the inner surfaces of the mold preceding the 
filling up of the mold in order to avoid adhesion of the cast to the walls of the mold when 
unmolding. The paving tiles were unmolded after 24 hours and cured in water for twenty-one days 
(21) then sundried for another seven (7) days, making up a total curing duration of twenty-eight 
(28) days [9, 11-12].   
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Tab. 1 - Aggregate mix for experimental tiles. 

Sample Cement 

(% wt) 

Pulverized Cow Bones 

(% wt) 

Laterite 

(% wt) 

Silica Sand 

(% wt) 

A1 20 30 40 10 

A2 20 20 25 35 

A3 20 10 20 50 

A4 20 5 20 55 

B1 15 30 35 20 

B2 15 20 35 30 

B3 15 10 35 40 

B4 15 5 30 50 

C1 10 30 30 30 

C2 10 20 45 25 

C3 10 10 50 30 

C4 10 5 40 45 

 

Mechanical properties of lateritic tiles  

Compressive strength  

The test specimen was loaded into a universal testing machine. The load was slowly and 
carefully applied centrally on the tile specimens until the first sign of crack was observed and the 
load was then recorded. The compressive strength of each tile specimen was carried out in 
accordance with Equation (1) [13]: 

C

C

A

P
             (1) 

Where, Pc = maximum load on the specimen at failure, Ac = calculated cross-sectional area of the 
specimen and  

σ = compressive strength of the test specimen. 

Flexural strength  

Universal Testing Machine was used in accordance with [8,14] to determine the flexural 
test. The specimen was supported horizontally on two vertical supports of known span and was 
loaded with known values of masses until failure occurred. The flexural strength for each tile 
specimen was then obtained using Equation (2): 
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Where, R = modulus of rupture, P = applied load at failure, L = length between the supports, b = 
width of the specimen and d = thickness of the specimen 

 

Analysis of modeling of paving tiles 

When a function with two or more independent variables (multivariate function) is given, 
multivariate approximation is necessary for interpolation, differentiation and integration [15]. Also, 
quadratic interpolation is possible, if three points are available for a set of data. A polynomial 
equation represented by Equation (3) is suitable to develop the models of mechanical properties of 
produced tiles [16-17]: 


3

3
2

21 XXXy           (3) 

The dependent variable y denote compressive strength and modulus of rupture and 
independent variable X, is represented by the percentage of pulverized cow bones,which is the 
error term.  

Simple linear regression, which is a tool in predictive analysis, could be found suitable for 
modeling analysis as represented by Equation (4). 

         baxY             (4) 

Where, Y is the response variable, a, b are constants, x is the independent variable and  is the 
error term. 

Equations (6) to (11) which were generated using the EXCEL spreadsheet were used in the 
determination of empirical model curves for compressive strength and flexural strength of lateritic 
paving tiles as shown in Figures 1 and 2. 
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Coefficient of Correlation 

The coefficient of correlation as a measure of the relationship between two variables and was 
determined for each curve in Figures 1 and 2 by using Equation (5): 
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YYXX
r  (5) 

Where, X and Y are the mean value of X and Y respectively. 

RESULTS 

Empirical Modeling of Compressive Strength 

Fig. 1- Relationship between compressive strength and material composition 

The compressive strength is shown in Figure 1 and Table 2 was found to decrease as the 
percentage of pulverized cow bones decreases in the composition of the paving tiles; this is due to 
the reinforcement the pulverized cow bones added to the strength of produced tiles. The reduction 
in compressive strength could also be attributed to the cement content, due to the fact that 
samples of paving tiles with 5-10% cement content had lower compressive strength. Samples with 
a laterite ratio of up to 25% and above exhibited an improved compressive strength due to the 
bonding properties of laterite. Equation (6) to (8), show the empirical model developed for 
determining the compressive strength of lateritic paving tiles at different cement composition of 
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20%, 15% and 10% respectively. The standard error 1cE , 2cE , 3cE and coefficient of correlation for

each model show a good relation among the variables. 

913411.0325407.000621.0
2

1  xxC ; 9968.0r , 0338.01 cE MPa   (6) 

909865.029963.00053.0
2

2  xxC ; 9821.0r , 2010.02 cE MPa    (7) 

910162.0275405.000699.03 C ; 7076.0r , 5944.03 cE MPa  (8) 

Empirical modeling of flexural strength 

Fig. 2- Relationship between compressive strength and material composition among methods. 

Figure 2 and Table 2 show the relationship between the flexural strength and composition 
of produced tiles at different cement compositions of 20, 15 and 10% respectively. Flexural 
strength was observed to decrease with an increase in silica sand addition, due to the grittiness of 
the material which reduces the bonding strength of the products. Conversely, flexural strength 
increases as the percentage composition of laterite and pulverized cow bones also increases. This 
was due to the adhesive properties of laterite and reinforcing properties of pulverized cow bones. 
Equations (9) and (11) represent the models of flexural strength and were observed to exhibit a 
linear relationship due to the close variation of the material composition at each mix. 
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Tab. 2 - Experimental and estimated values of effect of pulverized cow bones on mechanical 
properties of tiles. 

Sample Cement 

(% wt) 

Pulverized Cow 
Bones(% wt) 

Laterite 

(% wt) 

Silica 
Sand(% 
wt) 

Mechanical Properties 

Compressive strength 
(MPa) 

Flexural 
Strength (MPa) 

+ ++ + ++ 

A1 20 30 40 10 5.05 5.09 1.83 1.83 

A2 20 20 25 35 5.05 4.94 1.78 1.78 

A3 20 10 20 50 3.41 3.55 1.75 1.73 

A4 20 5 20 55 2.42 2.39 1.70 1.71 

B1 15 30 35 20 5.05 5.13 1.21 1.23 

B2 15 20 35 30 5.04 4.78 1.09 1.05 

B3 15 10 35 40 3.04 3.38 0.90 0.93 

B4 15 5 30 50 2.40 2.28 0.86 0.89 

C1 10 30 30 30 3.08 2.88 0.26 0.23 

C2 10 20 45 25 3.05 3.62 0.12 0.16 

C3 10 10 50 30 3.36 2.96 0.05 0.08 

C4 10 5 40 45 2.38 2.11 0.08 0.04 

+Experimental tile specimens, ++Modeled tile specimens

CONCLUSION 

Empirical models of the mechanical properties of paving tiles produced from aggregates of 
laterite, silica sand pulverized cow bones and cement, for cement addition of 20, 15 and 10% 
respectively were developed in this study and the models have been able to predict the trends of 
the mechanical properties of produced paving tiles. The maximum compressive and flexural 
strength of about 5.10 and 1.83 MPa were obtained at a composite composition of 30:10:40 of 
pulverized cow bones to silica sand to laterite.  These were found to conform to the Nigerian 
Industrial Standard [18], which approves 2.5 MPa for load-bearing and 1.8 MPa for non-load 
bearing blocks. The higher the cement and pulverized cow bone content, the higher the 
compressive and flexural strength obtained. The use of pulverized cow bones as a constituent of 
paving tiles was found feasible and a viable means of reducing the environmental pollution. Also, 
replacing the more expensive granite constituent with waste cow bones would result in the cheaper 
production cost of paving tiles, creating a more sustainable environment. Developed empirical 
models from this study are useful for further investigation and product development of a similar 
nature.  
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ABSTRACT 

Numerically simulating an infinite domain foundation is an important method for solving 
structural dynamics problems. This paper introduces several artificial dynamic boundaries 
commonly used in the study of structural dynamics, and elaborates the theory and methods of the 
dynamic infinite element method boundary (IEMB) and viscous–spring artificial boundary (VSAB). 
The capacity of different boundary effects on seismic waves energy absorption is verified by 
establishing a layered half-space model. An irrigation aqueduct is taken as a research object. The 
IEMB, VSAB, and fixed boundary (FB) models are established and the Concrete Damaged 
Plasticity (CDP) constitutive is introduced, which is aimed at studying the dynamic failure 
mechanism and the rules of damage development to the aqueduct structure during the seismic 
duration. The results for the IEMB and VSAB show better energy absorption for the incident waves 
and a better simulation result for the damping effect of the far field foundation than that of the FB. 
Comparing the maximum displacement response rules of the three boundaries, it is seen that the 
maximum displacement response values of the VSAB and dynamic IEMB increased by 6%–48% 
and 9%–35%, respectively, over the FB. The calculation results of the VSAB are similar to that of 
the IEMB. The difference between the maximum acceleration response values is 2%–17% whereas 
the difference between the maximum displacement response values is 0.4%–19%. The IEMB 
studied in this paper provides a theoretical reference for large–scale building boundary treatment in 
structural dynamics calculations. 

KEYWORDS 

Irrigation aqueduct, Viscous–spring boundary, FEM–IEM interaction, Concrete damage 
plasticity, Seismic damage 

INTRODUCTION 

Aqueducts are a commonly used cross water transmission facility in water conservancy 
projects, and have the functions of irrigation, water delivery, and water supply. Numerous 
agricultural irrigation areas are located in earthquake–prone areas. Due to the high functional 
requirements for safe water transport, a study of the failure mechanism of the aqueduct structure 
under seismic loading can ensure the safe operation of aqueducts and the normal dispatching of 
water resources in irrigated areas. 

To date, many achievements have been made in studying the mechanical properties of 
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aqueducts. Following the existing theory regarding small amplitude water sloshing, fluid–structure 
interaction between water and structure is usually considered in the previous dynamic analysis of 
water tanks [1–3]. The water tank and aqueduct are similar in structures, so some scholars 
considered the effect of fluid–structure interaction examined the dynamic failure mechanism of the 
aqueduct structures under earthquake ground motion [4–7]. Li, et al. [8] studied the seismic ground 
motion response to the long span of large–scale aqueduct structures by a simplified beam–water 
coupled system. Besides, some researchers have used different theoretical methods to study the 
seismic analysis of aqueduct structures under the influence of earthquakes [9, 10]. It can be seen 
from the above studies that numerical simulation is still a powerful tool to solve such problems in 
seismic engineering and aqueduct structural analysis. However, the propagation of seismic wave 
motion energy in the foundation and the reflection effects at the boundary conditions play a 
significant role in determining whether the dynamic calculations can achieve reasonable results. 

The finite domain simulation of the seismic waves motion propagation used in traditional 
finite element calculations is prone to reflection on artificial boundaries and propagation of 
interference waves. Lysmer and Kuhlemeyer [11] first proposed a viscous boundary with a simple 
form but this was not suitable for the multidimensional situations of complex structures. Deeks and 
Randolph [12] considered soil–structure interaction (SSI) problems under dynamic action and 
proposed the earliest viscous–spring boundary based on the viscous boundary, and the numerical 
simulation example of transient radiation model problems was used to solve the transient SSI 
problems in the time domain. Gu, et al. [13] derived the viscous-spring artificial boundary (VSAB) 
equation based on the wave motion equation, demonstrated the high precision and adequate 
stability of a three–dimensional (3D) VSAB through a calculated example, and presented the 
concept of a consistent VSAB. Liao and Wong [14] presented and improved the transmitting 
boundary formula, and used multiple transmission methods to simulate the physical process of 
wave motion propagation. This method moderately improved the accuracy but the implementation 
process was more complicated. The infinite element method boundary (IEMB) is a numerical 
method based on the infinite element theory and developed to solve the infinite domain problem. In 
1973, Ungless [15] first proposed the infinite element theory. Bettess [16] proposed mapping infinite 
elements for the first time based on the mapping between global coordinates and local coordinates, 
which is called Bettess elements. Zienkiewicz, et al. [17] based on the improvement of the work of 

Bettess elements, proposed the definition of mapping infinite elements and applied it to solve 

exterior wave problems. Yun, et al. [18] proposed and studied a new infinite element method to 
solve the two–dimensional (2D) and 3D pier-soil dynamic interaction in the frequency and time 
domains. The study results were verified by the applicability of dynamic IEMB, which has a better 
filtering effect on scattered waves than the VSAB [19]. Infinite element can be combined with finite 
element. The finite element method is used to simulate the near-field region, while the infinite 
element method is used to simulate the far-field region. The experience of many scholars in solving 
infinite domain problems shows that [20-23]: the coupling model of finite element and infinite 
element has extensive practicability in solving practical engineering problems, and that shows 
obvious advantages in simulating and approximate simulating infinite domain problems. In a word, it 
is often used to solve more complex unbounded problems together with the conventional finite 
element method, which is a supplement to the finite element method. Therefore, it has inherent 
coordination with the finite element method and has more advantages than other numerical 
methods such as viscous boundary method for solving unbounded domain problems. But, Dynamic 
IEMB has not been widely used in engineering as a method to solve 3D multidirectional mapping 
problems. 

Based on the above factors, FB, VSAB and IEMB are used to simulate the infinite domain 
foundation to reflect the energy dispersion phenomenon of incident waves at different boundaries. 
The CDP constitutive [24–26] is introduced in this paper, which is aimed at studying the dynamic 
failure mechanism and the rules of damage development for concrete aqueduct structures subject 
to seismic ground motion. 
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DYNAMIC INFINITE ELEMENT BOUNDARY (IEMB) METHOD 

IEMB principle 

In the solution of dynamic problems, the model boundary may produce a boundary effect, in 
which the energy reflected on the computing domains and affects the calculation results. The IEMB 
of ABAQUS provides the first– and second–order infinite elements, the finite–infinite element 
method (FEM–IEM) interaction is used to simulate the infinite domain propagation of the far–field 
seismic waves motion. By defining an element with a decay function in the semi–infinite domain, the 
FEM–IEM interaction method is realized, which overcomes the defects of the finite element method. 

The dynamic response to IEMB is considered based on a traveling plane wave with 
orthogonal boundaries. Therefore, it is assumed that the response adjacent to the boundary has a 
sufficiently small amplitude that deforms the medium in a linear elastic manner. Its equilibrium 
equation can be described as follows: 

 0
x

u 


   


&&  (1) 

where   is the mass density of the medium, Kg·m-3; u&& is the acceleration of the material 

particles, m·s2;   is the stress, Pa; and x  is the position. The material is assumed to be isotropic 

and linearly elastic; therefore,   can be described by 
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where   and G  are functions expressing lame constants and the shear modulus of the 

medium, respectively;   / 1 1 2E      ,  / 2 1G E    ( E is Young's modulus,   is 

Poisson's ratio), and   is the strain. 

When the material response is introduced into the equations of equilibrium, and   is 

assumed to be a small strain,   is can be computed by the following equation: 
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Substituting Equations (2) and (3) into Equation (1), the governing equation of motion is 
obtained. 
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Assuming that the plane wave is along the X–axis, the equation has the following two forms 
of solution. Equation (5) describes the plane P–wave (longitudinal wave), and Equations (6) and (7) 
express the plane S–wave (shear wave). 

 p( )xu f x c t  , 0y zu u   (5) 

 

 s( )yu f x c t  , 0x zu u   (6) 

 
s( )zu f x c t  , 0x yu u   (7) 

where 
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 , "˗" indicates forward propagation along X , "+" indicates 

backward propagation along X . 
 
To avoid the reflection of the P–wave and S–wave energy back to the finite domain medium 

of X < L , damping constants pd  and 
sd  are introduced to calculate distributed damping at the 

boundary junction of the finite domain and infinite domain ( X = L ). The damping stress can be 
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expressed as:  

  xx p x
ma d u   &  (8) 

 

 xy s y
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d u   & (10) 

in which 
xx  is the P–wave stress at the boundary junction of the finite domain and infinite domain. 

1 2( 2 )( )xx G f f      , the other stress component 0ij  , and the velocity is 1 2
( )

x p
u c f f   & . 

Equation (11) can be obtained using the above equations. 

 1 2( 2 ) ( 2 ) 0p p p pG d c f G d c f         (11) 

To ensure that there is no reflected stress wave at the boundary position when the wave is 

incident in any form, it is necessary to ensure 
2 0f   and 

2 0f   . The P–wave damping form can 

be deduced as follows: 
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As in the previous sections, the damping form of the S–wave can be determined as follows: 

 
s sd c  (13) 

It should be noted that the IEM method is the boundary treatment method for FEM–IEM 
interaction. By introducing these boundary damping values to avoid waves reflection effects at the 
location of a boundary, we can adequately simulate the propagation of wave motion in the infinite 
domain. 

 

Viscous-spring artificial boundary (VSAB) method 

Because the VSAB has been widely used in engineering, it is not derived in detail here. The 
specific derivation process can be found in [27]. Its implementation method in ABAQUS can be 
seen in Figure 1. 
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Fig. 1 – Flow chart of viscous–spring artificial boundary realization 

 

Examples of numerical simulations 

To verify the accuracy and reliability of the IEMB calculation method in the seismic 
responses of the aqueduct, the model of a 3D elastic homogeneous half–space was established by 
using the ABAQUS FEM code, considering the Lamb problem [28]. 

In this example, non-dimensional units are used. The range of the numerically computed 

object is taken as: -0.5 , 0.5x y  , -0.5 0z   with the finite element size taken as 

0.05x y z    . Young's modulus of the medium 40E  , Poisson's ratio =0.25 , and mass  

density =1 . The duration 5.0T s  and time interval =0.001t s  are used for this example. 

 
(a) Viscous-spring artificial boundary; (b) Infinite element method artificial boundary 

Fig. 2 – Schematic diagrams of viscous–spring and infinite element method artificial boundary 

 

Note: *1.Free surface; 2. Infinite domain; 3. Near field; 4. Artificial boundary; 5. Seismic wave 

 is the normal stress;  is the shear stress; K is the spring stiffness; C is the damping coefficient; dp is the 
normal damping; ds is the tangential damping; R is the distance between the observation point on the free 
surface and the vertical load point. 
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Ignoring the dissipation effect of waves in the medium, the VSAB, IEMB and FB are 
respectively set at the boundary truncation position and compared with the analytical solution in this 
example. The VSAB and IEMB are shown in Figure 2. The time history of applying the load is 
shown in Figure 3(a), which acts on the free surface of the semi–infinite space as a concentrated 
vertical force. The observation points 0.2 and 0.4 away from the loading center point O  are 

selected and analysed by calculating the relative displacement. The schematic diagram of the 
observation point is shown in Figure 3(b). 

 

 
(a) Load time history; (b) Observation points of different boundary finite element model 

Fig. 3 – Finite element model and load time history curve 

 
The relative displacement time histories in the vertical direction for each observation point 

under different boundary effects are shown in Figure 4. The analytical solution can be obtained by 
the integration of the fundamental solution for the load time histories. It can be seen from Figure 4 
that the FB cannot cause nodes movement when the load is applied from the top of the model to the 
bottom. That is, the nodes at the bottom of the calculation model do not move in the FB condition, 
and the wave is reflected back to the elastic medium. Since there is no damping effect in the 
medium, the displacement curve oscillates back and forth in the medium elastic region, forming the 
displacement curve in Figure 4. When the VSAB is adopted, as shown in Figure 4, most of the 
energy is absorbed on the VSAB, while a small part is reflected back to the medium elastic area, 
and also absorbed in the following time period. However, when the IEMB is adopted, there is no 
energy reflection on the FEM–IEM interaction boundary. Results show that under the FB condition, 
the wave motion is almost entirely reflected. In contrast, the VSAB and IEMB show good energy 
absorption effect, and the wave propagation is almost completely dissipated on the boundary. 

 
(a) r=0.2                                (b) r=0.4 

Fig. 4 – Contrast diagram of the effect of each characteristic point on three boundary 



 
  Article no. 48 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

           DOI 10.14311/CEJ.2020.04.0048   565 

 

 

SEISMIC GROUND MOTION FAILURE MECHANISM OF AQUEDUCT STRUCTURE 
BASED ON IEMB 

The above analysis shows that the VSAB and IEMB have a good absorption effect on 
seismic waves compared with the FB, which can better simulate the procedure of wave motion 
propagation. However, it is not easy to evaluate how much influences this simulation has on the 
calculation of the actual project. The following is an example of a large–scale aqueduct actual 
project in a Chinese irrigation district, and the effects of the three boundaries are compared. 

 

Example model and seismic wave selection 

A three–span structure of the aqueduct is selected for this study. The overall structure 
includes the groove body, bent, bent column, and foundation, etc. The groove body is a rectangular 
structure with a single span length of 10 m. Figure 5 shows the bent which has an h–form frame 
structure, the aqueduct is 1.8 m wide and 2 m high, and the bent is 7.6 m high. C30 concrete is 
used to construct the groove body, and the CDP constitutive structure is introduced to simulate the 
dynamic damage development of concrete [24–26]. 

 

 
(a) Aqueduct structure diagram;   (b) Finite Element Model of Aqueduct Structure 

Fig. 5 – Aqueduct Structure Diagram and Finite Element Model 
 
Note: *1. Wing wall; 2. Pier cap; 3. Bottom plate; 4. Crossbeam; 5. Bent column; 6. Foundation platform; 7. 
Groove body; 8. Bent 

A、B、C、D、E are feature points of damage; a、b are feature points of aqueduct structural seismic ground 

motion response. 

The damage values range from 0 (no damage) to 1 (complete damage) to express the 
degree of damage to different materials. The various material parameters of the aqueduct structure 
are shown in Table 1. 

 
Tab. 1 - Various material parameters of aqueduct structure 

Material 
Elastic 

modulus/(GPa) 

Density 

/(Kg·m-3) 
Poisson ratio 

Tensile 

strength/(MPa) 

Compressive 

strength/(MPa) 

Aqueduct(C30) 30 2500 0.167 1.3 14.3 

Bent(C25) 28 2450 0.167 1.27 11.9 

Foundation(C25) 28 2450 0.167 1.27 11.9 

Ground 7 2100 0.3 – – 
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The numerical model based on the IEMB is shown in Figure 6. In dynamic analysis, the 
amplitude attenuation of the response wave depends on the damping effect of the structure. 
However, it is challenging to determine the damping matrix of the structure. Since the structure of 
the natural modes, the mass matrix M  is orthogonal to the stiffness matrix K , the damping 
matrix C  of the structure is usually simplified as a linear combination of M  and K . 

C   M K (14) 

Rayleigh damping is used to analyse the equation.   and   can be expressed in terms 

of Equations (15) and (16). 
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where 
i  and j , respectively, take the first and second–order frequencies corresponding to the 

structure, and
i  resp. j take the damping ratio corresponding to the structure frequency. 

The engineering foundation site classification is Class I, and the basic seismic intensity is 
VIII. The horizontal peak acceleration of rare ground motion is 0.331g, and the vertical peak
acceleration is taken as two–thirds that of the horizontal direction. Following the principle of similar
spectrum characteristics, the artificial wave TH3TG025 was selected as the seismic wave. The
duration was set using 10% of the peak acceleration as the threshold [29]. The duration is
calculated as 5 s, which meets the standard requirements of 5–10 times the basic period of the
structure, time interval =0.02t s , and the acceleration time history of the seismic wave is shown in

Figure 7.

Fig. 6 – FE–IE interaction foundation model Fig. 7 – Time history records of 
seismic accelerations 

Seismic ground motion response rules for the structure 

Aqueduct structure acceleration response rules 

The numerical calculation selects the top a of the bent and crossbeam end b as feature  

points for the seismic ground motion response analysis of the aqueduct. The results are presented 
in Figure 8. 
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(a) Lateral flow acceleration at bent (point a); (b) Lateral flow acceleration at crossbeam (point b)
Fig. 8 – Contrast diagram of each feature point’s acceleration time histories 

Note: *Feature point positions are shown in Figure 5(b). 

As can be seen from the acceleration time histories of the aqueduct structure shown in 
Figure 8, the acceleration development trend of each feature point is basically the same under three 
different boundary conditions, and the maximum response occurs at a time of about 3 s, which is 
basically consistent with the occurrence time of the seismic peak acceleration. When considering 
plastic damage during strong earthquakes, the material will occur damage accumulation effect. 
The change rule of structural acceleration has a strong fluctuation, and the peak value is slightly 
lower than that in the undamaged state. With the increase in the height of the structure, the 
acceleration response tends to be amplified, and the displacement of the crossbeam at a lower 
position is less than that of the bent with a higher position. Finally, by comparing the calculation 
results of the IEMB and the VSAB, it is found that the difference between the two results is very 
small, ranging from 0.4% to 19%, but generally below 10%. The FB is 27%–77% larger than the 
IEMB and 38%–76% higher than the VSAB. 

Aqueduct structure displacement response rules 

The displacement change rule of each feature point of the aqueduct relative to the 
foundation is shown in Figure 9. During strong earthquakes, the displacement response of each 
feature point reaches its maximum value at times up to about 4 s, which is the same as the time 
when the seismic peak ground acceleration occurs. Before the duration of about 3 s, the earthquake 
excitation is small. During this time, the structure is in the elastic stage, so there was little difference 
in the response results whether to consider the damage. However, in the late period of the seismic 
duration, the structural displacement response has a certain displacement deviation from the 
foundation. The structure undergoes irreversible plastic damages during the earthquake. This is 
mainly due to the introduction of the CDP constitutive, which can describe the softening behaviour 
of a concrete structure after damage. The difference between the calculation results of the IEMB 
and the VSAB is between 2% and 17%. The difference is caused by the difference in the realization 
of IEMB and VSAB and the processing method of energy dissipation. The results show that the FB 
increases by 9%–35% compared with the IEMB, and increases by 6%–48% compared with the 
VSAB. 
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(a) Lateral flow displacement at bent (point a); (b) Lateral flow displacement at crossbeam (point b)
Fig. 9 – Contrast diagram of each feature point’s displacement time histories 

Note: *Feature point positions are shown in Figure 5(b). 

Dynamic failure mechanism and the damage development rules of the aqueduct 
structures 

Figure 10 reveals the dynamic damage development process of the aqueduct structure. 
During a strong earthquake, the damage to the bent column is relatively serious. Penetrating 
damage occurred at the top and bottom of the bent column and both ends of the crossbeam, but no 
damage occurred at the foundation cushion cap; due to the rigidity of the aqueduct structure, only 
slight damage was found only near the support of the bent. During the process of damage 
development, the structural damage to the aqueduct first appeared at the bottom of the bent column 
and the contact part of foundation at a time of 1.4 s, then the damage occurred at the top of bent in 
1.48 s. From 1.48 s–2.82 s, the damage expanded from the bottom of the bent column to the upper 
part, and damage starts at the end of the lower crossbeam at 2.82 s, as shown in Figure 10(a) and 
Figure 10(b). Then, from 2.82 s–3.01 s, the damage to the lower crossbeam gradually spreads, and 
damage begins to appear at the upper crossbeam at a time of 3.01 s. A damage diagram is 
presented in Figures 10(b) and 10(c). During the seismic duration from 3.01 s–4.01 s, the damage 
is extended from the top and bottom of the bent to the crossbeam in the middle of the bent. The 
penetrating damage occurs at the top and bottom of the bent column and the crossbeam, 
respectively, as shown in Figure 10(d). Finally, in the last part of the seismic duration, the structural 
damage basically does not change because the seismic acceleration decreases. 

 Whole Partial
(a) t=1.48 s

Fig. 10 – Developing process of aqueduct’s damage under earthquake 
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                                Whole                          Partial        
(b) t=2.82 s 

 

                                Whole                          Partial        
(c) t=3.01 s 

 

                                Whole                          Partial        
(d) t=4.01 s 

Fig. 10 – Developing process of aqueduct’s damage under earthquake 

The seismic action is closely related to the duration, During seismic wave motion, changes 
in the acceleration will also cause the structural stress state to change, which is a significant feature 
of dynamic load time history calculation. To order to explore the development process and rules of 
aqueduct structural damage during seismic wave motion, the feature points on one side of the 
structure are selected for analysis. The location of the feature points is shown in Figure 5(a), and 
the development and changes of damage value at each point are shown in Figure 11. The damage 
develops extremely rapidly during the course of the earthquake, and is complete in less than 4 s. 
After the top and bottom of the bent column are damaged, the damage extends to the middle of the 
bent column; therefore, the time at which damage occurs at the two crossbeams is the same, and 
soon reaches the complete damage. Compared with the time at which damage occurred at the bent 
and crossbeams, damage occurred at the bottom of the wing wall near the cushion cap at a 
relatively late time. After certain damage, the damage no longer changes. 
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Fig. 11 - Feature point damage development process 

Note: *Feature point positions are shown in Figure 5(a). 

When the seismic ground motion acceleration reaches its peak value, the damage to the 
structure increases rapidly, indicating that the seismic peak ground motion acceleration has a 
significant impact on the damage of the structure. When comparing the development trend of 
damage at each position, it can be seen that the higher the position, the faster the damage 
development. At the bottom of the bent, the rate of damage development obviously lags behind that 
of other sections of the structure. A preliminary conclusion is that a higher the position causes a 
greater displacement and the faster the damage development. The above analysis reflects that the 
aqueduct structure is most likely to be seriously damaged at the junction of the pier cap and bent 
column during an earthquake, followed by the two ends of the crossbeam. Once the damage and 
cracking are serious, the whole aqueduct structure may collapse. 

CONCLUSIONS 

In this study, the IEMB, VSAB, FB methods and the CDP constitutive are adopted to study 
the mechanism and development rules of damage to large–scale irrigation aqueducts under the 
ground motion of an earthquake. The main conclusions are as follows: 
(1) The effects of conventional FB, VSAB, and dynamic IEMB on the energy absorption and
dissipation of impulse waves are compared. The FB cannot absorb the wave energy, and the
displacement response will be enlarged by 6%–48% compared with the other two boundaries. Both
the VSAB and the dynamic IEMB have a good energy absorption effect on the incident wave, with
an error value between 2% and 17%. In the calculations for the towering cantilever structure model,
the energy absorption of IEMB is slightly better than that of VSAB. Compared with VSAB, dynamic
IEMB does not need a spring–damper mechanical system, and is simpler in form and more efficient
in exact modelling.
(2) In aqueduct seismic ground motion response studies, it was found that with an increase in
the height of the structure, the dynamic displacement response of aqueduct trends to enlarge. At
the end of the seismic ground motion duration, large–scale damage occurred to the aqueduct
support frame, resulting in a slight deviation from the structure displacement relative to the
foundation.
(3) Through the analysis of the damage development rule, it discoveries that the failure position
of aqueduct structure is mainly focused on the intersection place of pier cap and bent column, and
the intersection place of the bent column and the foundation of an aqueduct. It can be seen that the
damage at the bottom of the pier cap appears a general down–slope tendency. These places are in
weak areas of the aqueduct structure. Therefore, in the process of seismic design, relevant
damping measures should be taken to control the damage development and prevent the overall
aqueduct structure from being damaged or collapsed.
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ABSTRACT 

Solid waste management is one of the prime concerns in the world due to ever 
increasing proportion of non-biodegradable industrial waste product. Blast Furnace Slag 
(BFS) is one of the largest by products of steel and iron industries which creates scarcity of 
land filling area due to ineffective reuse and recycle. The use of such substance to create 
building blocks not most effective makes it economical, however it also enables in decreasing 
disposal concern. Clay bricks are the oldest walling material of construction industries. Due to 
preferable mechanical properties bricks are considered as prime source of masonry units that 
is used as walling material. Conventional clay bricks required burning process known as kiln 
firing which emits huge amount of CO2 into the atmosphere. World is facing same problem 
with the production of cement too. The major reasons behind pollution and environment 
depletion are due to unremitting decay in natural resources caused form deriving of raw 
materials such as sand, clay and dirt and also from huge amount of hazardous and non-
hazardous wastes produced by the industries. Reuse of industrial waste such as BFS instead 
of naturally occurring raw material leads to contribute towards green environment. Present 
study intended toward use of steel and iron industry waste for manufacturing of building 
blocks to promote low cost housing along with mitigation of environmental violation. Based on 
the results, BFS may effectively replace with naturally occurring fine aggregates due to 
favourable physical properties. Durability aspects in terms of water absorption and 
compressive strength also found adequate as per the requirement of IS codes. An amount of 
partial to full replacement of BFS may allow as per required weathering conditions.   

KEYWORDS 
 

Industrial waste, walling material, Building blocks, Brick, Blast furnace slag 

INTRODUCTION 
 

Approximately 500 kg per tonne waste materials are generated from crude steel by steel 
plants. Out of these wastes, around 400 kg per tonne is only BFS [1]. India's crude steel 
production for 2018 was 106.5 Mt, up by 4.9% in 2017, meaning India has replaced Japan as 
the world's second largest steel producing country [1]. 

The most widely recognized walling material utilized in structure development is bricks. 
Bricks are the simplest and oldest building blocks used in construction. Annual production of 
bricks is currently 1391 billion units worldwide and the demand expected to be rising [3]. In 
India the annual demand is 200 billion bricks, producing around 250 billion bricks from 1, 
50,000 kilns [2, 4]. The main ingredients used for bricks are derived from natural resources 
occupies more than 80% by volume. The traditional method consumes 350 million tonnes of 
fertile soil and 25 million tonnes of coal annually [2]. On the other hand manufacturing of 
cement along with its use also tends to increase the amount of CO2. The huge consumption of 
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naturally occurring materials and energy eventually lead to exhaustion of environment.  
In both developed and developing countries, the problem of waste management has 

already become an issue to be addressed immediately. This problem is compounded by the 
rapidly increasing amounts of industrial wastes of a complex nature and composition. 

As per the review of previous research works, various variety of wastes have been 
utilized by the researchers in terms of developing building blocks. Table 1 shows a summary 
of research work done for production of building blocks/bricks from various industrial wastes. 
But the effective percentage of industrial waste utilization was quite inadequate due to 
unfavourable mechanical and chemical properties.  

 

Tab.1 -  Production of building blocks/bricks from various industrial wastes 

S. No. Waste material used Outcomes Reference No. 

1 
Paper mill sludge 
(PMS) 

An optimum replacement  of PMS at 
10 % shows better results. With 
laterite soil the compressive strength 
at 8500c temperature was found 
around 9 MPa   increased up to 
11MPa at temperature 9000c. 

[3] 

2 Granite fines 

Mardini blocks with granite fines 
show an increase of 120% in 
compressive strength as compare to 
conventional soil blocks. Also adobe 
blocks   with   granite   fines 
show135% more compressive 
strength as compare to conventional 
soil blocks. 

[4] 

3 
Fly ash and quarry 
dust 

Cement, fly ash, quarry dust taken 
70%, 20%, 10% respectively, for 
manufacturing brick and it was 
observed that compressive strength 
of bricks was found 13.5 MPa 
relevant to normal bricks 14.0 MPa 
after 21 days curing. 

[5] 

4 
Brick debris and 
quarry dust 

Re bricks were found adequate in 
compressive strength 7.352 MPa at 
an optimum replacement of 20% as 
compare to fly ash brick 7-12 MPa 
and IInd class clay brick with strength 
more than 7 MPa. 

[6] 

5 
Fly ash ,lime and 
gypsum 

Fal-G Bricks with mix proportion of 
60% fly ash, 15% lime, 15% gypsum 
and 10% sand shows better 
compressive strength 5.34 MPa as 
compare to clay bricks 3.98 MPa. 

[7] 

6 
Rice husk (0 to 5%) by 
weight 

Higher compressive strength 
obtained at 2% replacement of rice 
husk. 

[8] 
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7 
Waste marble powder 
0% to 80% by weight 

Found relative water absorption and 
mechanical properties up to 10% 
replacement. 

[9] 

 
Keeping the views of previous research works, present study makes an effort to 

extricate the problem of managing steel industrial waste like BFS by its effective utilization to 
turn it into valuable building blocks as per required durability and mechanical properties 
ultimately leads to promote sustainable and low cost development and also to mitigate the 
depletion of natural resources. 

MATERIALS AND METHOD 

BFS was collected from the furnace workshop of Iron Industry located near Gadbadi 
Puliya, AB Road, Indore, M.P., India. More than 20 steel and iron industries are working at 
present in Indore and also producing a huge amount of wastes every day. Characteristics of 
raw materials have been carried out considering procedure and requirements as described in 
IS Codes. In order to determine specific gravity, water absorption, silt content and unit weight 
of BFS and river sand, 1.18mm passing and 150μm retained particles were selected. The 
properties of BFS and river sand are showed in Table 2 and Table 3 respectively. Similarly, to 
determine properties of PPC cement the particle size were chosen it was finer than 90μm. 
Table 4 shows the properties of PPC cement.  

 
Tab. 2 - Physical properties of BFS 

Properties Value Procedure 

Specific Gravity 3.2 

As per IS 2386- 
Part- I and III:1963 [10,11] 

Unit weight (kg/m3) 1800 

Water Absorption 0.4% 

Silt Content 1% 

 
Tab. 3 - Physical properties of river sand 

Properties Value 
Requirements as per IS 383:2016 [12] and 

IS 2386- Part- I and III:1963 [10,11] 

Specific Gravity 2.6 2.5-3.0 

Unit Weight (kg/m3) 1560 - 

Water Absorption 1.4% Less than 2% 

Silt content 3% Less than 5% 

Fineness Modulus 2.8 2.0-3.5 

 
Tab. 4 - Physical properties of PPC cement 

Properties Value Permissible values Requirement 

Unit Weight (kg/m3) 1310 - - 

Standard Consistence 27% 25-35% IS 4031- Part-IV 
and V:1988 

[13,14] 
Initial Setting Time 33 Minutes Minimum 30 Minutes 

Final Setting Time 550 Minutes Less than 600 Minutes 

 
BFS comprises the required properties that are useful to convert it into building 

materials. The physical property of BFS lies between required limits which show its adequacy. 

 
EXPERIMENTAL PROGRAMME 
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Procedure for BFS based building block production  
 

Crushed sample of BFS was replaced in different amount (10%, 20%, - - -, 100%) by 
volume of sand and a standard amount of 10% cement was added. The control building block 
specimens were also prepared (0% BFS) to set the benchmark for results. 40–45% of water 
was added to dry mix to convert it into the shape of building blocks. Brick hand moulds of size 
19cmX9cmX9cm were used for casting building blocks. For initial removal of moisture brick 
specimens were air-dried at room temperature for 24 h and then placed into curing tank after 
stripping. The building block samples were designated as B represented the identity of BFS. 
Table 5 shows the composition of different mixes for preparing building blocks. Total 60 
numbers of moulds were prepared to ensure the properties of building blocks.  

 
Tab. 5 - Composition of different mixes 

S. No. Specimen 
Proportion (by volume) 

C%-S%-SL% 

1 B-0 10%-90%-00% 

2 B-10 10%-80%-10% 

3 B-20 10%-70%-20% 

4 B-30 10%-60%-30% 

5 B-40 10%-50%-40% 

6 B-50 10%-40%-50% 

7 B-60 10%-30%-60% 

8 B-70 10%-20%-70% 

9 B-80 10%-10%-80% 

10 B-90 10%-00%-90% 

C- Cement, S- Sand, SL- Slag 
 

 
Determination of properties of building blocks  

Water absorption of prepared building blocks was determined as per the procedure 
described in IS-3495 (Part-III):1992 [15]. Compressive strength of building blocks was 
determined with digital compression testing machine (CTM 2000kN capacity) as per IS-3495 
(Part-I):1992 [16]. Both tests were performed after 28 days curing. (Figure 1) shows BFS 
based building blocks after 28 days curing. 

 

 
Fig.1- BFS based building blocks after 28 days curing 
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METHODOLOGY  
 

The purpose of this research is to develop building blocks using BFS and to conduct 
experimental investigations demonstrating efficacy of the product. Method implying 
experimental work followed in this research is showed in (Figure 2). 

 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 .   
Fig. 2 -Methodology 

 
 

RESULTS AND DISCUSSION 
 

Determination of compressive strength  

Compression test was carried out when building blocks acquired the necessary curing 
condition i.e., after 28 days curing and in wet condition. Table 6 shows the observations found 
during experimental investigation.     

 
  

Collection of raw material i.e., Blast Furnace Slag (BFS) 

Crushing of Slag into 1.18 mm passing and 150 μm retained particle size 

Determination of physical and mechanical properties of crushed slag like Water Absorption, 
Silt Content, Fineness Modulus and Specific Gravity using IS-2386- Part- I and III:1963 and 

its comparison with the river sand which is going to be replaced with slag. 

Preparation of Building Block Moulds considering 
Cement, sand and Crushed Slag Tri Mix  

   Curing and Drying of sample (Pre testing procedure) 

   Experimental investigation to ensure quality of 
sample as per the control specimen i.e., through 

conventional bricks along with optimization of mixes.  
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Tab. 6 - Compressive strength of building blocks 

S.No. Specimen Average Compressive Strength (MPa) 

1 B-0 7.25 

2 B-10 5.85 

3 B-20 6.40 

4 B-30 6.65 

5 B-40 7.10 

6 B-50 5.45 

7 B-60 5.25 

8 B-70 4.90 

9 B-80 5.60 

10 B-90 4.50 

 
Determination of water absorption  

Water absorption test was carried out on completely dried samples. Initially blocks were 
dried using ventilated oven by maintaining temperature to 110oC. After drying, the blocks were 
immersed in clean water at a room temperature of 27 ± 2 °C for 24 hours. After 24 hours 
immersion the blocks were removed and wipe out using damp cloth. Table 7 shows the 
observation to demonstrate the results of water absorption of building blocks.    

 

Tab. 7 - Water absorption of building blocks 

Specimen Dry weight 
W1 gm 

Weight (after 24 hours 
immersion into water) W2 gm 

Water absorption (%)  
= (W2 - W1)/ W1 x 100 

B-0 2390 2630 11.0 

B-10 2450 2690 9.90 

B-20 2515 2700 10.50 

B-30 2580 2795 8.60 

B-40 2600 2835 9.00 

B-50 2645 2875 8.80 

B-60 2685 2915 8.60 

B-70 2700 2915 7.95 

B-80 2735 2960 8.20 

B-90 2760 2985 8.15 

 

Characterization of Building Blocks 

Experimental investigations for compressive strength and water absorption capacity were 
performed to insure the durability of BFS based building block samples as per IS code 
specifications. Building blocks found free from defects like bloating, cracks and efflorescence as 
examined on all types of samples from B0 to B10.  

Water absorption is an important parameter to indicate open porosity. To ensure external 
weather resistance, the lower percentage of water absorption is always better. As per IS 12894-
2002 [17], the average water absorption not more than 20 percent demonstrates a good quality 
of building block. (Figure 3) shows water absorption for BFS based building blocks. Maximum 
percentage of water absorption was found 11.0% proven the requirements as per IS code 
recommendations.  
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Fig.3 -Water absorption of BFS based building blocks 

 

 
 

Fig.4- Compressive strength of BFS based building blocks 
 
Compressive strength is the most critical index of building blocks and is shown in (Figure 

4). Figure shows, as the percentage of BFS increase from 10% to 40%, compressive strength 
also increases. Replacements of BFS by more than 50% by volume exhibits decrement in the 
value of compressive strength. As per IS 1905-1987 [18], minimum compressive strength 
required by the building block after 28 days curing should not be less than 0.7 MPa for 1:8 
mortar mix. Minimum compressive strength achieved by BFS based building blocks was found 
4.50 MPa shows good quality requirements.   
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STATISTICAL MODELING  
 

Development of regression model 
 

A generalized correlation was developed considering experimental data carried out during 
research work in terms of water absorption, density and compressive strength. This developed 
correlation was as follows: 

 
ACS = -0.03682(A) -0.02171(B) +0.004579(C) 

 
Where, 
ACS= Average Compressive Strength in MPa, (Dependent variable)  

A= Slag (%),  

B= Water Absorption (%) and  

C= Density of building blocks in (kN/m3). 

 
Correlation was developed considering 10 observations. The details of selected 

experimental data to develop correlation are showed in Table 8.  
 

Tab. 8 -  Details of selected experimental data to develop correlation 

S.No. Slag (%) Water Absorption (%) Density (Kg/m3) ACS (MPa) 

1 0 11 1552 7.25 

2 10 9.9 1590 5.85 

3 20 10.5 1634 6.4 

4 30 8.6 1675 6.65 

5 40 9 1690 7.1 

6 50 8.8 1715 5.45 

7 60 8.6 1745 5.25 

8 70 7.95 1754 4.9 

9 80 8.2 1775 5.6 

10 90 8.15 1795 4.5 
 

The actual and predicted productivity has been carried out for developed regression model 
and their accuracy was determined through formulations as listed below. Equation (1) shows the 
formula for Mean Absolute Percentage Error (MAPE) whereas Average Accuracy Percentage 
(AA%) is presented as Equation (2) [20-21]. 

 
Accuracy of developed regression model 

 
MAPE= (Σ |A-P|/A*100)/n                                                         (1) 
 
AA% =100 –MAPE                                                                    (2) 
 
The Coefficient of Determination (R2) 
 

Tab. 9 - Statistical measures results 

Measures (R2) MAPE% AA% Observations 

Results 0.992 7.70 92.30 10 
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Results enlisted in Table 9 show that the model is the best fitted on the basis of coefficient 
of correlation and regression. It is observed that the value of R2, MAPE and AA% by MLR model 
demonstrates good agreement with the actual measurements. 
 

CONCLUSIONS 

The present study indicates feasibility of recycling BFS in the form of fine aggregate to 
create building blocks using it as a partial to full replacement. Based on the experimental results, 
following conclusions have been drawn: 

 The physical properties of crushed BFS found permissible as desired by the naturally 
occurring fine aggregates and hence it may be a better alternative.  

 To achieve higher weather resistance condition, maximum amount of BFS required to be 
replaced is 40% by volume. Beyond this limit BFS may replace fully with naturally occurring fine 
aggregates which may proof resistivity against moderate weather condition.  

 Water absorption for BFS based building blocks found adequate to ensure durability and 
denser nature as required by the conventional bricks. 

 Conventional bricks have to undergo kiln process and as result due to burning of fossil 
fuel in huge, environmental pollution take place. On the other hand, BFS based building blocks 
are free from kiln process and hence these blocks are pollution free and fuel saving as well. 

 Reuse of wastes leads to reduce the scarcity in naturally occurring materials like sand, 
grit and clay. 

 Raw material is derived from waste which may proof financial potential, therefore using 
BFS based building block overall cost of construction can be minimize.    

 The use of environmental friendly walling materials made from industrial waste is still 
very limited, therefore it may provide a good scope of further research in context to reuse and 
recycle the wastes for producing cost effective and eco-friendly building materials. 

 Awareness can be made to the society for reuse and recycle of waste and also to 
promote eco- friendly low cost building materials which have inferior acceptance till now. 

 Ecological problem related to direct landfilling and incineration of wastes may lessen. 
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ABSTRACT 

     The asphaltic concrete facing is one of the most widely used components for waterproofing 
rockfill dams. It is, particularly in the case of hydroelectric pumped storage facilities, often highly 
exposed to significant temperature fluctuations, which are caused by solar radiation, variation in 
the water level in the reservoir, frost in the winter season, as well as wind speed and direction, and 
precipitation. To better explain the heat transfer phenomenon, it is necessary to know the 
temperature variations in the different layers of the asphaltic concrete facing. This study describes 
the measurement of the temperature in the asphaltic concrete facing (raw and protected) of the 
Ghrib dam (Ain Defla, Algeria) and its evaluation using a numerical model of the heat flow using 
the Fluent software. First, a validation of the model by comparison with experimental 
measurements, in the case of a daily variation in ambient temperature, the comparison of the 
results of the calculation of the numerical model with the real measurements shows an excellent 
similarity. Then we simulate the application of thermal protection by adding a reflective paint to the 
facing surface. The results of this simulation show that the reflection of solar radiation by the 
reflective surface has the potential to cool the asphaltic concrete facing and reduce the 
temperatures significantly, the temperature peak as well as reduce it to 11.47 °C, this happens at 
noon when the heat is very high, which is significant for our asphaltic concrete facing, where the 
temperatures reach their maximum values (49°C) in the raw case (without protection). 

KEYWORDS 

            Asphaltic concrete facing, Heat transfer, Ghrib dam, Reflective surface, Modelling, Fluent 

INTRODUCTION 

The waterproofing performance of asphalt has been known since ancient times. Even 
today, we can still see 3000-year-old asphalt based hydraulic structures, such as the Tiger dikes in 
Ashur, Mesopotamia, still in good condition [1]. 

Asphalt mixes are impermeable, durable, insensitive to water, resistant to most common 
chemical agents and microorganisms, have a high ability to solve many hydraulic problems, and 
the flexibility of asphalt waterproofing allows them to adapt to settling of their substrate without 
cracking or losing their properties [2,3].  

mailto:bouziane@inbox.com
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The problem of waterproofing embankment dams arises whenever the calculation of 
superstructure infiltrations indicates unacceptable losses; these losses can either lead to the ruin of 
the structure by fox formation or, without affecting its safety, be disturbing for the operation of the 
dam [4, 5, 6]. 

Temperatures and atmospheric conditions have multiple impacts on hydraulic structures; 
these impacts are mainly related to changes in temperatures within the structure and its 
foundations. Air temperatures directly influence temperatures in the asphalt concrete facing, while 
atmospheric conditions (solar radiation, UV radiation, clouds, etc.) can exacerbate these 
phenomena [7]. 

MATERIAL AND METHODS 

The originality of this study lies in the consideration of the cooling effect by adding a 
reflective surface. Using the Fluent software, we tried to model the transient thermal problem 
including solar radiation and natural convection on the surface of the asphalt concrete facing for a 
period of 17 hours. The work is organized in two parts: 

The first consists in validating the numerical results by comparing them with the 
experimental values measured at the Ghrib dam asphaltic concrete facing. 

The second, consists in protecting the asphaltic concrete facing by a reflective surface 
against the effects of solar radiation, this surface allows reflecting the radiations by its light colour 
in order to cool the asphaltic concrete facing. 

The energy accumulation of the surface of the asphaltic concrete facing differs considerably 
from that of the natural soil due to the different properties of thermal radiation.  The asphaltic 
concrete layers absorb large amounts of radiation during the day, which produces heating on the 
surface of the asphaltic concrete facing that is rapidly transmitted to the lower layers producing an 
increase in temperature inside them (Figure 1) [8]. 

Understanding and correctly determining the behaviour of energy accumulation helps in the 
process of making decisions about asphalt concrete facing construction technologies and studying 
the relative phenomenon of heat as a serious environmental problem [5,9]. 

 
Fig. 1 - The solar components around the dam 



 
Article no. 50 

 
THE CIVIL ENGINEERING JOURNAL 4-2020 

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

 

            DOI 10.14311/CEJ.2020.04.0050 585 

 

Case study 

The basic model on which the whole study will be based concerns the Ghrib dam, located 
in western Algeria in the commune of Oued Chorfa wilaya of Ain Defla (Figure 2a, 2b, 2c). It is 
located on the upper reaches of the Chelif River and is used for irrigation, drinking water supply 
and power generation.  

The Ghrib dam was built in a poor support area. In order to avoid the risk of settling, a 
flexible dam capable of adapting to ground movements has been built. This structure is one of the 
first rockfill structures built with an upstream asphaltic concrete facing, it consists of a stowed 
rockfill dike, built between 1926 and 1938. Its capacity is 280 millionm3 [6,10]. 

On the dam we can distinguish two parts: the dam and the asphaltic concrete facing (Figure 
3), on the asphaltic concrete facing thermocouples have been placed at three strategic locations, 
corresponding to the three parts of the experimental model (at 1cm, at 6 and at 10 cm counted 
from the surface of the surface), each zone includes 3 thermocouples spaced at irregular intervals.  

 

(a) (b) 

 (c) 

Fig.2 - Ghrib dam location (Ain Defla / Algeria): (a) Ghrib dam on Algeria map. (b) pic of  Ghrib 
dam. (c)  Ghrib dam water surface  
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Fig.3 - Sketch of the asphaltic concrete facing of Ghrib, and the location of the sensors for 
temperature measurement (TH). 

 

Configuration of the model and simulation 

The simulated geometry is shown in Figure 4, where we observe the raw asphaltic concrete 
facing, which consists of two layers: a 12 cm thick asphalt concrete waterproof layer and an 8 cm 
thick porous concrete draining layer, resting on a rockfill dike (massive limestone).  

Mesh geometry, where each layer represents a different material with different physical and 
thermal properties (Table 1). The structure represents a constant slope of 1/1. An unstructured 
mesh of quadrilateral and triangular type was used, 0.25 m in the rock slope and 0.01 m in the 
other layers. Temperatures are measured at the three digital thermocouples (TH) at initially defined 
positions of 1cm, 6cm and 10cm, with a time chronology of 60 seconds (time step); the maximum 
number of iterations has been set at 20. 

 
Tab. 1 - Properties of the materials used [6] 

Layers Materials 
Thermal conductivity (λ)  

(W m-2 °C-2) 
Weight density () 

(kg m-3) 

Specific heat (Cp) 
 (W s kg-2 °C-2) 

1 Rockfill 2.8 2700 920 

2 Asphaltic concrete 1.165 2230 930 

3 Porous concrete 1.27 2310 942 

 

 

Fig.4 - Example of simulated geometry (raw asphaltic concrete facing) 
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Mathematical model 

     For the initial model, the various heat exchanges will be simplified. Thus, it is assumed that 
thermal transfer throughout the mask is dominated by conduction.   

The temperature profile in the asphaltic concrete facing is therefore of the form T(z,t). The 
heat propagation in the thermal diffusivity asphaltic concrete (a) (2), will be described by the heat 
equation (1) [10, 11,12]: 

∂T

∂t
= a (

∂2T

∂z2)                                                              (1) 

a =
λ

ρCp
                                                                       (2) 

Where T is the temperature, λ is the thermal conductivity, Cp is the specific thermal 

capacity,  is the density of the material, z is the distance measured perpendicular to the facing 
towards the dam body and t is the time.  

In the second case of simulation, the asphalt concrete facing is protected against the 
effects of solar radiation by a white reflective surface, taking into account the convective and 
radiative exchanges between this surface and the outside air (Figure 5), so in this step the heat 
transfer model changes from conduction alone to conduction, convection and radiation transfer 
(Figure 5), so equation 1 takes the following form [9,13]: 

∂T

∂t
= a (

∂2T

∂z2) − h(Ts − Text) −  εσ(Ts
4 − Tmelody

4 ) − αqsun
"                       (3) 

Where:  

h is the convective exchange coefficient of the air taken equal to 20 Wm-2°C-1, Ts is the 
temperature at the surface of the asphalt concrete facing and Tair is the air temperature. 

 

 

Fig.5 - Schematic section of the asphaltic concrete facing protected by reflective surface 

Reflective surface 

Asphaltic concrete layer (12 cm) 

Porous concrete layer (12 cm)
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Boundary and initial conditions 

    The purpose of the numerical model is to determine, from conditions at the limits 
imposed on its contour, the temperature profile inside the asphaltic concrete facing is simulated for 
the following two cases. 

The first case is conduction only: a Dirichlet condition is introduced on the surface of the 
asphalt concrete facing is a temperature profile constructed from the experimental readings (Fr. 
Agence Nationale des Barrages et Transferts - ANBT) imposed on the surface of the Ghrib 
asphaltic concrete facing (4).  

T(z = 0, t) = Texperimental(t)                                            (4) 

The second case requires the consideration of heat transfer by convection and radiation. In 
this case, the heat flux transmitted to the surface of the asphalt concrete facing towards the outside 
follows the following equation (5) [9]. 

q" = h(Ts − Tair) + εσ(Ts
4 −  Tair

4 ) − αqsun
"                          (5) 

    Where:  corresponds to emissivity and σ corresponds to the Stefan-Boltzmann constant 
(σ=5.67. l0-8 Wm-2°C-4) [INCROPERA and DE WITT 2002]. α corresponds to the absorbance of 
the asphaltic concrete facing surface to solar radiation, it is 0.95 [DJEMILI 2006; CHIBLAK 2005; 
CHATAIGNER 2008]. q"sun represents the solar radiation flux reaching the surface in Wm-2. 

    One of the difficulties of modelling comes from the fact that we do not know the precise 
value of the solar radiation flux as a function of time q"sun.  Indeed, the latter is influenced by the 
alternation of day and night, the inclination of the receiving surface, the presence of shadows, 
clouds, rain, etc.  It can be calculated using the following formula (6): 

qsun
′′ (t) = G∝(t) + Gw(t) − A(t)                                              (6) 

With: 

Gα (t): Global radiation on a surface inclined as a function of time (Wm-2); 

Gw (t): Atmospheric radiation as a function of time (Wm-2); 

A (t): Reflected radiation as a function of time (Wm-2) ; 

    The solar radiation flux will be calculated for the day in question (clear sky), and the 
place in question by a sub-programme carried out under Matlab. 

     The temperature profile imposed on the surface asphaltic concrete facing take into 
account the air temperature, but also the effect of solar radiation. To do this, it will follow the 
following equation (7) [14, 9]:  

Tair
∗ (t) = Tair(t) +

α

U
qsun

′′ (t)                                                     (7) 

Where: 

Tair
∗ : Modified air temperature taking into account solar radiation °C; 

U: corresponds to the thermal transfer coefficient between the outside and the interface, 
which takes into account the external convection coefficients and the equivalent thermal resistance 
on the interface equal to 20 Wm-2°C [9]. 

For the boundary to the left of the models (in the dam body) and at a sufficiently high depth, 
the temperature of the structure is no longer influenced by the thermal input of the asphaltic 
concrete facing, this depth is, by hypothesis, equal to 1 m, located in the embankment dike, it is a 
Neumann condition representing a zero heat flux (8) [9,10 ,11,15]. 

∂T(z=l,t)

∂z
= 0                             (8) 

The initial condition at the time t=t0 : 𝑇(𝑧, 𝑡0) = 𝑇0(𝑧)                        (9) 
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RESULT AND DISCUSSIONS  

Validation of the model by experimental tests 

On the graphical representations (Figure 5a, 5b and 5c), very close numerical and 
experimental values are observed with very significant correlation coefficients exceeding 0.97 for 
the three thermocouples. The relative difference of 0.19%, 0.35% and 0.48%, on average, 
respectively for TH 1cm, TH 6cm and TH 10cm. It should be noted that the maximum deviation for 
the thermocouple located at 1 cm is 2.07 °C and at 6 cm it is 2.76 °C, and at 10 cm it is 2.72 °C, 
these deviations are relatively small considering the dimensions and uncertainties involved; it can 
therefore be concluded that this model is validated. 

(a)    (b) 

(c) 

Fig. 5 - Correlation of experimental and numerical temperatures: (a) At TH 1 cm. (b) At TH 
6 cm. (c) At TH 10 cm 

 

Simulation of the raw asphaltic concrete facing (without protection)  

    Figures 6 and 7 illustrate the temperature evolution within the unprotected structure, at 
time 12.15 pm the temperature reaches a maximum value of 49.21 °C at the asphaltic concrete 
facing surface, then it decreases slowly and becomes stable beyond 0.80 m depth, knowing that 
the air temperature at this time is about 30.6 °C, we also observe that the minimum temperature 
recorded is from 23.04 °C at 6 am. 
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 Fig. 6 - Temperature evolution within the raw asphaltic concrete facing 

 

 

Fig. 7 - Simulation of the temperature variation within the asphaltic concrete facing at 12:15 
pm 

 

Simulation of the asphaltic concrete facing protected by a reflective surface 

The following model attempts to cool the layers of the asphalt concrete with a reflective 
surface, where heat exchanges take place in conduction, free convection and also in radiation. 

Temporal variation 

The maximum simulated temperature at 1 cm from the protected asphaltic concrete facing 
surface is 37.53 °C at 12.15 pm, 31.42 at 14.3 pm for TH 6 cm, and at 10 cm it reaches its 
maximum value at 15.3 pm with 28.25 °C (Figure 8). 

The minimum temperatures recorded at 6 am for the three thermocouples, respectively 
19.84 °C to TH 1cm, 19.55 °C to TH 6cm and 19.5 to TH 10cm. 
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Fig. 8 - Temperature variation for the 3 thermocouples (TH), case of the protected asphaltic 
concrete facing 

Spatial variation 

The temperature at TH 1cm, reaches its maximum at 12.15 pm with a value of 38.47 °C 
and a minimum of 19.73 °C at 6.3 am (Figure 9 and 10). 

It should be noted that the location of the maximum temperature varies with time: 
- It is maximum at TH 1cm from 6.3 am to 12.15 pm, with a maximum value of 38.47°C at 12.15 
pm; 
- At 14.3 p.m., the maximum temperature at 4 cm is around 36.84 °C. 
- At 6.3 pm, the maximum temperature increases to 17 cm, located in the porous concrete layer 
with a value of 30.15°C. 
- At 22.3 pm, the maximum temperature is about 26.04 °C, at a depth of 26 cm, located at the body 
of the dam (rockfill); 

 

Fig. 9 - Temperature evolution within the protected asphaltic concrete facing 
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Fig. 10 - Simulation of the temperature variation within the protected asphaltic concrete 

facing at 12.15 pm 

 

Effect of the reflective surface on asphaltic concrete facing temperatures 
The analysis of the difference between the temperatures measured in the raw asphaltic 

concrete facing and the temperatures simulated on the asphaltic concrete facing protected by the 
reflective surface, at the level of the three thermocouples located at 1 cm, 6 cm and 10 cm, by the 
relationship:  

Temperature difference=T measured (raw asphaltic concrete facing) - T simulated 
(protected asphaltic concrete facing). 

The results are shown in the graph in Figure 11, where a cooling is observed that occupies 
the entire thickness of the asphalt concrete facing: 

A maximum cooling time of 12.15 pm is recorded for the three thermocouples with 11.47°C 
for TH 1cm, 9.16°C for TH 6cm and 7.64°C for TRH 10cm. 

The minimum cooling times are 6.3 am for the three thermocouples, 2.46 °C for TH 1 cm, 
4.45 °C for TH 6 cm and 5.9 °C for TH 10 cm. 

The presence of the reflective surface positively influences the heating of the asphaltic 
concrete facing or observes a significant cooling over the entire thickness of the asphaltic concrete 
facing and especially in the period of maximum temperature (period of high heat). 
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Fig. 11 - Difference between the temperatures measured in the raw asphaltic concrete 
facing and simulated on the protected asphaltic concrete facing of Ghrib dam (SR: reflective 

surface) 

CONCLUSION 

Fluent analysis has proven to be an interesting tool for simulating the transient temperature 
behaviour of the asphaltic concrete facing of Ghrib dam. The model simulates the temperature of 
asphaltic concrete facing at different levels in different layers and has been successfully validated 
by experimental data.  

The use of a reflective surface on the asphalt concrete facing, aimed at reducing the 
absorbency of the asphaltic concrete facing, and thus lowering the temperatures at the surface and 
within the asphaltic concrete facing to avoid degradation of the asphalt concrete layers.  

The protection of the asphalt concrete facing by the reflective surface provides cooling 
throughout the test period and occupies the entire thickness, with maximum values of 11.47°C, 
9.16°C and 7.64°C for the three thermocouples respectively TH 1cm, TH 6cm and TH 10cm at 
12.15 pm, i.e. during the period of high heat or when solar radiation reaches its maximum values.  

Reflective surfaces are most effective when the surface is as clear as possible and when 
the surface covers the entire surface of the asphaltic concrete facing. 
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ABSTRACT 

The grouting of historic masonry with degraded binders or masonry units, masonry with 
insufficient load-bearing capacity, masonry damaged by cracks, with a high void content and 
cavities and multi-leaf masonry is one of the rehabilitation methods of masonry frequently applied 
in practice, restoring its integrity and increasing its load-bearing capacity. 

KEYWORDS 
 Masonry, Grouting, Cracks, Cavities, Brick, Stone, Experimental campaign 

 

INTRODUCTION 
The methodology for the design of the grout injection technique for masonry structures that 

would become the basis for the design and assessment of the grouting effectiveness in terms of 
the grouting agent, the grout injection method used and the grouted masonry properties have not 
been developed yet, and nor has the procedure for the selection of the technique, a suitable 
grouting mixture and the calculation procedure for the assessment of the effect on the pore system 
of the binder or masonry units (pore distribution, total porosity, pore type), verification of the 
masonry moisture content and chemism (pH, salt content and type). 

The design of a grouting technique involves the specification of the purpose of grouting 
(grouting masonry as a whole, grouting of a binder or masonry units, reducing the void content, 
filling in cavities and voids, grouting cracks, strengthening surface and subsurface layers, etc.). A 
reliable grouting technique performed to the required extent requires the verification of the pore 
system, injectability and the penetration of the grouting mixture into the pore system for the 
selected grouting mixture and technology (optimum distance, diameter and depth of grouting 
boreholes, grout stability, setting and curing time, grout shrinkage, grout-masonry mutual 
reactivity). In this perspective, we must evaluate the total porosity, pore size and distribution and, 
on this basis, design the grouting mixture and the expected amount of applied grout penetrated 
into the grouting boreholes in relation to the total porosity. An integral part is the design of the 
grouting substance (based on hydraulic lime, silicates, resins, with a filler or without a filler, grout 
consistency), the injection technology and procedure (pressure, pressure less, single or multiphase 
grouting, overall grouting or in grouting strips, impregnation grouting).  

The infusion and injection of substances with defined properties, usually in the liquid phase, 
into the pore structure is one of the methods of active modification of the physical and mechanical 
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characteristics of porous materials, such as strength, static and dynamic elastic modulus, 
hardness, resistance (mainly frost resistance), moisture absorption and others. 

The building materials – natural and anthropogenic - used in the present-day civil 
engineering practice are characterised by a pore structure generally comprising the entire pore 
size spectrum, from nanopores to macropores. The effectiveness of grouting relies on numerous 
factors, particularly the transport of the injected substance through the pore structure. The 
transport is affected by the properties of the injected substance, the pore structure type of the 
injected material and, last but not least, by the application method of the injected substance. The 
issues related to the transport of injected substances in relation to the type of pores and the pore 
system (pore distribution, pore shape and surface, their mutual communication, etc.), in relation to 
the specific properties and composition of the injected substance and its irreversible changes 
during its transport through the pore system (viscosity, etc.), and the physical, chemical and 
mineralogical properties of porous materials and their stability in the stage of the injected mix 
application have not been satisfactorily solved so far.   

The design and application procedures of grouting methods in building materials prevailing 
to-date resemble, in individual solved cases, a largely unreliable process based on insufficiently 
precise knowledge and empirical data (trial and error method). Due to the lack of expertise in this 
field, grout injection can be classified as a less reliable and, in many cases, insufficiently effective 
method. 

The expected effect of grouting is achieved by both the required modification of the pore 
system and pore properties (total porosity, pore distribution, pore shape and interconnection, etc.) 
and the modification of the solid phase material characteristics by a chemical, or physical-chemical 
and mineralogical reaction of the grout and the solid material phase (binder component 
strengthening by a predictable crystallization of secondary minerals, stabilization of soluble 
substances).   

Achieving the optimum conditions for the “injected substance - injected material” mutual 
interaction resulting in the required/modified properties and parameters of the injected material, 
requires a reliable transport of the injected substance into the pore structure in the contact area 
between individual components of the composite material (masonry, concrete etc.) and its optimum 
distribution within the pore structure. In this case, the desired change in the properties of the 
injected material is achieved by the “modification” of the pore system. 

The effective reaction of the injected substance with the injected composite material 
(masonry units, aggregate, binder) solid phase requires the transport of the injected substance into 
the secondary system of individual solid phase components as well. In this case, the desired 
changes in the properties of the injected material are achieved not only by changing the pore 
system, but also by changing the properties of individual solid phase components.  

GROUTING SUBSTANCES, MIXTURES AND GELS 

The choice of the grouting substance relies, above all, on the masonry (masonry 
components) pore system, the mineralogical and chemical composition of masonry units and the 
binder, the void content, crack width and the extent of masonry disintegration and the degree of 
weathering, the type of masonry and the required effect of grout injection, in particular: 

 improvement in binder properties (mechanical, chemical, etc.), 

 improvement in properties of masonry units (mechanical, chemical, etc.), 

 reduction of total porosity, 

 reduction of the void content, 

 filling in cracks and regaining integrity, 

 filling in cavities, 

 modification of chemical and physical characteristics (moisture absorption, resistance to 
aggressive substances). 
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The main properties of the grouting mixture include the rate of solidification and hardening 
(stability in the injection phase, thixotropy, consistency), particle size, viscosity, strength, physical 
and mechanical properties and durability. Experimental research has pointed out a significant 
effect of the compressive strength of the grouting mixture on an increase in the compressive 
strength of injected masonry. 

 

Note: The pore size and distribution in individual components of the composite material - brick and stone 
masonry - is non-uniform and, as a result, the same applies to the penetration of the grouting mixture into the 
masonry pore structure after the grout injection. It is, above all, hydraulic lime-based grouts that are 
susceptible to premature setting, hardening thus reducing the pore permeability. In the case of an insufficient 
and non-uniform penetration of the grout into the masonry structure (pore system and voids), the masonry 
heterogeneity in terms of masonry strength and stiffness is increasing, which unfavourably affects the 
masonry failure mechanism (non-uniform distribution of normal stresses) reducing the ultimate compressive 
strength of masonry (Figure 1).  

 

 

 
Fig. 1 - Increase of masonry stiffness due to the non-uniform penetration of the grout into the 

masonry structure 

 

The design of a static grouting technique of masonry can be based on the WTA 4-3-98 
guideline [1]. The principal properties of the grouting mixture include the rate of solidification and 
hardening, low viscosity, strength, stability in the injection phase, thixotropy, consistency, physical 
and mechanical properties, durability. The grouting mixtures can be divided into:  

 lime suspensions which are characterized by good fluidity and filling ability without 
shrinkage after the addition of water, without the separation of excess water, high 
resistance to sulphates, but may have higher porosity, 

 lime-cement suspensions are suitable for injecting masonry with a high void content and 
cavities, masonry damaged by a system of cracks (2 - 3 mm in width), disintegrated 
masonry and for grouting larger local cracks in historic brick or stone masonry, 

 cement suspensions are less suitable due to their  high viscosity and low stability – rapid 
sedimentation and premature clogging of cracks of smaller widths occurs during injection, 
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due to their relatively low tensile strength after hardening, low adhesion and greater 
shrinkage (failure of adhesion or the cement filling of cracks occurs), they are not suitable 
for application to heritage buildings,  

 acrylate mixtures have low viscosity (approaching water viscosity), they can maintain 
permanent flexibility even under water, have high reversibility,  

 epoxy resins achieve the required properties by the selection of suitable monomers, 
hardeners and the curing regime, accelerating additives, internal plasticizers, modifiers, 
fillers and extenders, they are among the most effective grouts for the remediation of 
damaged masonry and concrete structures, 

 polyester resins have low viscosity and relatively simple curing reactions, their 
disadvantage is greater shrinkage (ca 5% by volume) and lower adhesion to some building 
materials, 

 polyurethane resins have a high penetration capacity and are primarily used for 
reinforcing mortar in masonry joints to increase the load-bearing capacity of masonry. 

 

The research project [2] addressed the development of consolidation agents based on lime 
nanoparticles not exceeding 1µm in size, labelled CA-Mg, Ca4 and Ca4O, characterized by a high 
penetration capacity into the material structure [3-5].  

 

Note: Grouting agents developed within the research project [2]: 
Ca4 The test portion of calcium methoxide was dispersed in isopropyl alcohol and distilled water was 

added. The mixture was left in a magnetic stirrer for 24 hours. The resulting suspension was 
produced by supplying the reaction mixture to a volume of 1 litre. The concentration of Ca(OH)2 is 5 
g/l. Strengthening, sealing of concrete and brick, stone and mixed masonry, particle diameter of 220-
360 nm 

Ca4O The test portion of calcium oxide was dispersed in ethanol and distilled water was added. The 
mixture was left in a magnetic stirrer for 24 hours. The resulting suspension was produced by 
supplying the reaction mixture to a volume of 1 litre. The concentration of Ca(OH)2 is 5 g/l. Larger 
particles and lower viscosity than in Ca4. Strengthening, sealing of concrete and brick, stone and 
mixed masonry, particle diameter of 1330 – 1770 nm 

Ca-Mg Test portions of calcium acetate Ca(OCOCH3)2 . H2O and magnesium acetate Mg(OCOCH3)2 . 
4H2O, which was dissolved in distilled water. Strengthening, sealing of concrete and brick, stone and 
mixed masonry, particle diameter of 35-835nm 

Compared to conventional lime macroparticles, lime nanoparticles finely dispersed in the 
nanosuspension have many times higher performance, high chemical performance, excellent plastic, 
consolidation and diffusion properties, low sintering temperature, cleaning abilities, etc. At the same time, 
lime nanoparticles are a material highly compatible with historical lime-based materials. The lime 
nanosuspension returns the missing binder to the masonry and plaster on the principle of carbonation, where 
the reaction with atmospheric CO2 produces calcium carbonate CaCO3.  

 
In addition to the stabilization, conservation and consolidation of degraded historic 

masonry, lime nanosuspensions also ensure a combination of deep consolidation of masonry by 
grouting and surface strengthening of preserved historically valuable, usually multi-layer plasters. 

Historic masonry grouting aimed at improving its physical and mechanical characteristics 
can be performed with agents based on mineral substances, e.g. hydraulic lime with additives 
(brick dust, pozzolans, clays, etc.), which regulate the setting and hardening process, viscosity, 
etc., with agents based on lime and cement (e.g. trass lime and cement), or resin-based agents 
with suitable fillers (e.g. quartz sand with a maximum grain size of 1 mm).  

In justified cases, a grouting mixture with a small amount of cement (5 to 10%), Roman 
cement, or with resin-based substances can also be applied. In exceptional cases where the 
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masonry reinforcement with a lime-based grout is insufficient, resin-based grouting agents may be 
used. Lime-based grouts fill up “free” spaces and minimally penetrate into the pore structure of 
masonry units and the binder.  

Modified admixtures added to grouts based on hydraulic lime, such as pozzolan, lime, or 
clay and brick dust, are effective in modifying the rheological properties, volume changes and 
strength of the injected masonry. By adding pozzolan, lime and cement, the tensile and shear 
strength of masonry, the bonding of the original binder and the grout (new binder) can be affected. 
The grouting agents based on minerals and hydraulic lime are suitable for the masonry of historic 
and mainly heritage buildings.  

Improved properties are achieved with suspensions of quick-setting cements with a larger 
proportion of solid gypsum-free clinker (suitable for the rehabilitation of historic buildings with a 
high moisture content). 

Research into the effectiveness of cement suspensions for grouting masonry with poor 
load-bearing capacity has shown that the injected cementitious material fills in the cracks and 
cavities in the masonry, increases the contact between the masonry units and mortar and thus 
significantly improves its strength. 

Silicate-based mixtures can be used to locally strengthen the material by modifying the 
properties of the masonry pore system. These mixtures, like resin-based mixtures, penetrate into 
the pore system to a depth of 50 to 60 mm from the grouting borehole. Grouting mixtures based on 
hydraulic lime with additives and silicate-based mixtures are applied for the strengthening of 
historic or heritage masonry.  

The filling of cavities and cracks after grouting can be investigated with radar or ultrasonic 
devices.  

 

Note: Mortars based on natural hydraulic lime, silica sand and crushed bricks can also be used for grouting 
[6]. Pozzolan, clay, brick dust admixtures and their combinations were also added to lime-based grouts to 
modify their strength development [7]. In justified cases, a grouting mixture with a small amount of cement (5 
to 10%) can be applied.  

Experiments [8] were also conducted to verify the use of a grout with Sporosarcina Pasteurii bacteria, which 
modify the masonry pore system properties thus affecting the carbonation process, setting and hardening of 
lime in degraded masonry. The method was applied by low-pressure micro-grouting during the repair of 
soiled masonry achieving a compressive strength of microbial mortar of up to 55 MPa. 

GROUT INJECTION TECHNOLOGIES AND METHODS 

Masonry grout injection can be performed as pressure or pressureless, single or 
multiphase, deep, surface or combined grouting.  

Pressure grouting of masonry applies a pressure from 3 to 10 bar depending on the pore 
system, the tensile strength of injected materials and masonry, the type of grout and the purpose of 
grouting.  Only such masonry (binder, masonry units) which has the necessary tensile strength to 
transfer the internal tensile stresses caused by pressure grouting can be injected under pressure. 
The used pressure is based on the requirement to achieve a reliable filling of the pores with the 
grout.   

Pressureless grouting using hydrostatic pressure usually up to 3 bar requires good masonry 
permeability, low consistency and slow solidification of the grout.   

The basic precondition for achieving the required effect of grouting in historic masonry is:   

 evaluation of the masonry pore structure (pore distribution, pore size with the maximum 
proportion in total porosity), chemism (salt content and type, pH), masonry moisture 
content, masonry condition (disintegration, cavities, cracks, degree of weathering), 
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 grout design, its properties, composition or particle size allow a reliable filling of the pore 
structure, including cavities and cracks,         

 verification of the grout penetration radius (distance from the grouting borehole), 

 overall evaluation and design of the grout, grout injection technology and distance of 
boreholes.          

         
The grouting aimed at improving mechanical or other properties of individual components of 

masonry is carried out by means of injection pipes, so-called packers, with a diameter of 20 to 30 
mm, fitted into drilled holes sealed with gypsum or fast-setting mortar. The injection pipes (packers) 
can be made of plastic (working on the principle of a dowel and requiring a “stronger” material) or 
metal with a free-floating or fixed ball. Metal packers are anchored in the masonry by a ring seal in 
the lower part, which expands by screwing. For grouting degraded mortar, it is advisable to use 
metal packers with a free-floating ball.  

The selected distance of boreholes is usually ca 0.2 m, max. 0.3 m (exceptionally, in 
justified cases, even larger) so that the pores, voids, cracks and cavities are properly filled. The 
grouting design includes the design of grouting packers and pumps, the distribution of packers, the 
distance, diameter and depth of the boreholes and the grouting technique. Only structures that are 
permeable can be injected - they have an open pore system composed of mutually interconnected 
pores - so that air can escape during grouting and the grout can penetrate into the masonry 
structure. 

The depth of single-sided boreholes is 3/4 to 4/5 of the masonry thickness, in double-sided 
boreholes usually 1/3 to 2/3 of the wall thickness. The depth of the boreholes, the grouting 
procedure (singlephase, multiphase) and the grouting pressure must be determined with a view to 
the material and the masonry condition. The achieved compressive strength of grouted masonry 
depends on the amount and quality of the grout penetrated into the masonry.            

With the use of individual boreholes, masonry grouting can be performed as overall 
grouting or grouting in strips, always proceeding from the lower section to the higher one. The 
density and distance of boreholes are specified as described above. Larger cracks (above 2 mm) 
must be cleaned, damaged parts removed, wedged and sealed before grouting. 

 
The research project [2] addressed the design and laboratory verification of a special 

method – overall surface pressure grouting for the strengthening of mainly surface and subsurface 
masonry layers and a combined electrophysical method for high-volume grouting.  

The method of strengthening materials by overall surface pressure grouting employs 
additional mechanical supply of substances based on Ca2

+, or based on silicates into the material 
structure and the activation of unreacted substances based on Ca2

+ contained in the structure of 
injected materials to achieve an increase in strength, cohesion, or adhesion to the substrate. In 
overall surface pressure grouting, the injected solution is “pushed” into the pore system of 
(injectable) masonry so that the required gradual saturation of masonry pores occurs. The main 
advantage of this method is its high effectiveness and uniformity in terms of strengthening the 
plaster and increasing its adhesion to the substrate. With good injectability and an open pore 
system of masonry, this method may also enable a partial penetration of the grout into the 
subsurface layers of masonry, which usually show the highest degree of weathering and 
disintegration (deposition of leached salts). It is commonly assumed that masonry is weathered to 
a depth of ca 10 - 20 cm, and the remaining part of masonry is usually not affected by degradation 
processes. 

The grouting agent must not contain particles that settle rapidly in surface layers (filling the 
pore system) and thus form a layer impermeable for further penetration of the grout. The surface 
and subsurface masonry layers of the grouted structure must not have a moisture content higher 
than 7% by weight (under ČSN P 730610 [9] – increased moisture content), and the total amount 
of salts must not exceed 1% by weight. There must be no surface crust on the surface of the 
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grouted structure that would prevent the grout penetration into the pore system of the structure, 
and the masonry surface must be free of major uneven spots, dirt and deposits. Overall surface 
pressure grouting is not suitable for reinforcing of masonry degraded by cracks or cavities.       

During combined pressure and electrophysical grouting, the hydrostatically applied grouting 
substance penetrates into the structure through the action of an electrostatic field. Combined 
electrophysical grouting is based on the principle of active electroosmosis using the electrical 
potential to propagate the injected grout through a porous material with a pore distribution with radii 
in the range of r ϵ (10-7; 10-10) m, and pressureless or low pressure grouting uses hydrostatic 
pressure for the primary “impregnation” of the grouted structure with the grout.  

Combined electrophysical grouting is based on the principle of a closed DC circuit 
composed of a low voltage source (≤30 V) and a connection between wall strip electrodes 
(cathodes – negative electrodes) located on opposite surfaces of masonry and anode (positive 
electrode) at the end of the injection tube inserted into a borehole reaching to the middle part of the 
masonry (Figure 2).  The electric field that is created between the electrodes causes a directed 
accelerated movement of ions, e.g. Ca2

+ present in the grouting mixture. The positive cations move 
towards the negative electrode (cathode), while the negative anions move towards the positive 
electrode (anode).  

 

 
 

Fig. 2 - Combined electrophysical grouting of masonry structures; a) Grouting of masonry setup,  
b) Application of electrostatic field for propagation of grouting mixture through masonry 

 
The depth and penetration rate of the grout into the structure varies depending on the pore 

system, the size and intensity of the electric field, the moisture content of the structure, the grout 
viscosity and the particle size in the grout. The uniformity of reinforcement depends on the 
electrodes used and the pore distribution. If strip electrodes are used, we may expect that the 
narrower the pore distribution range, the more uniformly the grout will be distributed across the 
cross-section of the structure. With an increasing proportion of pores with a radius greater than 10-

4 m in the total porosity of the material, the effectiveness of combined electrophysical grouting 
decreases.  

The combined electrophysical grouting method is not suitable for use in cases with too low 
pH (pH > 6), which often occurs in older historic buildings. To ensure its effectiveness in masonry 
with high salinity a voltage of up to 50 V is required compared to the commonly used voltage of 6 
V. The effectiveness of combined electrophysical grouting also decreases with an increasing 
proportion of pores with a radius r > 10-8 m, especially if r > 10-4 m and larger. The proportion of 
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pores with a radius r > 10-4 m and larger should not be greater than 10%, and the proportion of 
pores with a radius r > 10-8 m should not exceed 30%. The combined electrophysical grouting 
method is not suitable for masonry with ≥ 1% wt. salts and chloride contents ≥ 0.3% by weight. The 
combined electrophysical grouting method is applicable to structures with a moisture content of 4% 
to 5% by weight so that there is enough space remaining in the pore system for the grouting 
substance propagation. 

EXPERIMENTAL RESEARCH 

The experimental research into the effect of grouting on the restoration of integrity and 
strength of historic brick and stone masonry degraded by cracks or by cavities located inside 
columns was conducted on experimental specimens with dimensions of 290 x 440 x 420 to 450 
mm (brick masonry) and 500 x 600 x 720 to 750 mm (stone masonry). Five grouting agents were 
used in the research, of them 4 based on hydraulic lime mixtures and 1 resin-based mixture. The 
lime-based grouting agents were applied by low-pressure grouting using a screw grout pump (2 - 
10 bar), and the resin-based grout was applied by pressureless grouting using hydrostatic pressure 
(ca 0.5 bar).  

 

 
 

Fig. 3 Experimental specimens with aritificial crack and cavities;  
a) Brick masonry, b) Stone masonry 

 

The total porosity of bricks ranged within 29.3 - 32.9% with a prevailing pore radius of 600-
2000nm (42%), of sandy marlstone within 21.5 – 29% with a prevailing pore radius of 600-2000nm 
(25%), sandstone within 15.2 – 18.9% with a prevailing pore radius of 7500-30000nm (72%), 
trachyte within 6.8 - 11.8% with a prevailing pore radius of 150-600nm (35%), limestone within 1.2 
- 2.1% with a prevailing pore radius of 10-25nm (25%) and mortars from 16.5 to 26.2% with a 
prevailing pore radius of  150-600nm (25%), (Figure 4).  
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Fig. 4 - Distribution curves of pore representation in bricks and mortar (a) and stone masonry units (b) 

 

The effectiveness of grouting in terms of the experimentally identified ultimate bearing 
capacity values of grouted brick and stone masonry columns with an artificial crack and an artificial 
cavity under concentric compression varies. In the case of columns with an artificial cavity, a 
demonstrable increase in the load-bearing capacity of the grouted column under concentric 
compression was manifested as a result of filling up the artificially created cavity with the grout. 
However, stone masonry columns showed greater variation in obtained results, due to their greater 
heterogeneity. In the case of grouted columns with an artificial crack, the grouting effectiveness in 
terms of increasing the load-bearing capacity of masonry under concentric compression was not 
manifested to the extent expected. In the case of masonry with an artificial crack, a partial increase 
in the load-bearing capacity of the masonry was achieved by grouting with the agent based on 
hydraulic lime nanoparticles, low viscosity resins and silicates. In the case of masonry with an 
artificial cavity, an increase in the load-bearing capacity of the masonry was achieved by grouting 
with all cases of the verified grouting agents. The basic precondition for achieving the required 
effectiveness of grouting is a perfect filling of the crack or cavity with the grout.  

The relatively low effectiveness of grouting of masonry columns with an artificial crack, 
manifested during the dismantling of the columns after the test, is caused by insufficient filling of 
the cracks located in the vicinity of the grouting borehole due to premature grout settling or due to 
inadequate consistency of the grout:  

 the ultimate bearing capacity of grouted brick masonry columns with an artificial crack 
under concentric compression (Figure 5a) ranges within 85 to 145 % of the ultimate 
bearing capacity mean value of reference columns under concentric compression 
(masonry columns with an unfilled artificial crack), 

 the ultimate bearing capacity of grouted brick masonry columns with an artificial cavity 
under concentric compression (Figure 5b) ranges within 85 to 172 % of the ultimate 
bearing capacity mean value of reference columns under concentric compression 
(masonry columns with an unfilled artificial cavity), 

 the ultimate bearing capacity of grouted stone masonry columns with an artificial crack 
under concentric compression (Figure 6b) ranges within 80 to 175 % of the ultimate 
bearing capacity mean value of reference columns under concentric compression 
(masonry columns with an unfilled artificial crack), 

 the ultimate bearing capacity of grouted stone masonry columns with an artificial cavity 
under concentric compression (Figure 6a) ranges within 61 to 132 % of the ultimate 
bearing capacity mean value of reference columns under concentric compression 
(masonry columns with an unfilled artificial cavity). 
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Fig. 5 - Comparison of experimentally determined ultimate strength in concentric compression  
of grouted brick columns with an artificial crack (a) and with an artificial cavity (b) 

 
 

Fig. 5 - Comparison of experimentally determined ultimate strength in concentric compression  
of grouted stone columns with an artificial cavity (a) and with an artificial crack (b) 
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The experimental research has revealed a relatively significant effect of the mechanical 
properties of grouting agents (adhesion, compressive strength) on the effectiveness of grouting 
[10]. 

CONCLUSION 

The experimental research [2] aimed at gaining new knowledge for the design of brick and 
stone masonry grouting techniques in terms of the stabilization and increase in the strength of 
masonry damaged by cracks, masonry with cavities and masonry with a high void content by 
applying grouting agents based on lime, resins and silicates has pointed out a considerable 
variability of the resulting grouting effectiveness. To achieve the required properties of grouted 
masonry the masonry must be diagnosed and the above grouting design procedure must be 
observed. 
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