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8. CASE STUDY II: COMPLEX “CITTÀ DEL CINEMA” 

8.1. In-situ investigation 

8.1.1.  Introduction 

An in situ investigation has been performed in the complex “Città del Cinema” . The complex is formed 

by a series of load bearing reinforced concrete arches (fig.8.1). The purpose of the investigation was 

to obtain information about the structure, such as the mechanical properties of concrete (compressive 

strength), the location of reinforcement, the thickness of concrete covering and the quality of concrete.  

 

 

figure 8.1- complex “Città del Cinema” 

 

In order to acquire the required information, a series of NDT and MDT has been performed 

consecutively at several locations of the structure. The NDT included sclerometer and pachometer 

applications. The MDT consisted of extracting two types of cores from the structure, one of bigger 

cores for compression testing and another of smaller cores for petrographic analysis. 

The location of the tests can be identified from the figure below: 
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figure 8.2.- plan of the building, presenting the tests locations 

where: 

Pi    is number i pachometer application  

Si    is number i sclerometer application  

Ci    is number i core, taken for compression testing 

PAi  is number i core or sample, taken for petrographic analysis 

The numbers 1,2,3 and 4 have been given to indicate the zones for petrographic analysis 

 

 

8.1.2. Visual inspection of decay 

A visual inspection was performed in order to assess the condition of the structure in terms of material 

quality. The various reinforced concrete arches presented a different condition.  

The arches located at zones 1, 2 and 3, according to the previous plan in figure 8.2., presented a quite 

good condition in general. There were no signs of significant deterioration on concrete.  

In contrast with this, the arches of zone 4, especially the last one from the left, showed a rather high 

level of decay. The external surface of concrete was delaminated  and had already fallen from the 

structure at some parts. At those parts the reinforcement bars were visible, which were strongly 

affected by corrosion and practically completely destroyed. The concrete part that could be seen at 

those parts was also affected and presented a yellow color.  

Moreover, the arch demonstrated a superficial black crust and salt efflorescence. This could be 

connected to a possible sulphate attack that caused the alteration on concrete and the formation of 
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black crust. The formation of black crust was present at the arches of zones 1, 2 and 3 as well, which, 

in contrast with the ones in zone 4, were in good condition.  

The hypothesis of sulphate attack was based on the fact that the location of the structure was very 

close to the coast. The soil of the foundations could have been affected by seawater and sulphates 

could have penetrated into the structure through capillarity. That part of the structure was also very 

humid due to the absence of sun, which could assist the penetration of the soluble salts. In addition to 

this, it could be claimed that the environment in Marghera had been affected by previous industrial 

activity, which may have caused pollutant emissions on the atmosphere. All these clues could be 

evidence that the structure had been built and was located at a rather aggressive environment. 

 

 

figure 8.3-delamination of the external surface of the concrete arch 
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figure 8.4-delamination of concrete surface, black crust and superficial efflorescence 

 

 

figure 8.5-corroded reinforcement and yellow colour on concrete  
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8.1.3. Pachometer application 

The pachometer is a non-destructive test instrument, which is used for purposes such as estimating 

the depth of the concrete cover over the reinforcement, the location of the reinforcement and the value 

of its diameters (ASHIDA). 

After the first pachometer test (P1), on the front side of the arch, the thickness of concrete covering 

has been estimated equal to 2 cm. The spacing between stirrups was evaluated to be about 20 cm. 

The diameter of the logitudinal bars was estimated to be 8 mm. It was also estimated that there were 5 

logitudinal bars along the height of the rectangular cross-section. On the lateral side of the arch, the 

depth of the concrete cover was about 2,2 cm.  

 

figure 8.6-first pachometer application (P1) 

 

8.1.4. Sclerometer application 

As it has been explained before, the sclerometer is a tool for qualitative estimation of concrete 

compressive strength, by a correlation with surface hardness. More specifically, the sclerometer is 

pressed against the concrete surface, and the rebound values are collected. The minimum number of 

impacts on the surface during an application is nine.  

The place of application should be a position on the concrete surface that does not contain any 

reinforcement. This is due to the fact that the sclerometer is very sensitive to the presence of rebars, 

and the results could be strongly affected. As a result of this, in all the tests cases, before the 

sclerometer application the surface had been scanned with the pachometer. The position of 

reinforcement was estimated and marked with a marker on the concrete surface. A space between the 

reinforcement bars, at a height of about 70 cm from the ground in all test cases, was chosen for the 

test. At this space, a square grid was marked to identify the impulses positions. The dimension of each 

square was about 2,5 cm. After that, the surface was smoothed and prepared for the test.   
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For all the test cases, the sclerometer was pressed ten times against the surface, and the rebound 

values that were collected were ten. The data obtained from each test is presented at the following 

table. 

 

figure 8.7- preparation of the surface for the sclerometer application 

 

figure 8.8- sclerometer application  

 

 S1 S2 S3 

Impulse number Rebound value Rebound value Rebound value 

1 38 42 50 

2 41 51 40 

3 42 40 39 
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4 34 43 47 

5 41 38 48 

6 42 48 50 

7 38 44 52 

8 39 42 41 

9 41 40 48 

10 36 44 46 

 

Table 8.1.- data obtained by sclerometer testing 

The rebound values can be correlated with the compression strength by a relationship given from the 

next diagram: 

 

figure 8.9-diagram of correlation between rebound number R and compression strength of concrete cube 

 

8.1.5. Extraction of cores 

Three cores have been extracted from three arches, as shown at the previous plan. The position of the 

cores was almost the same with the position of the sclerometer application, so that the results could 

be compared, and no reinforcement would be present. 

In the first test (C1) the core was extracted from a distance of 40 cm from the external side of the arch 

and a height of 70 cm from the ground, and both distances were up to the center of the core.   
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figure 8.10-extraction of the first core (C1) 

 

figure 8.11 -marking of the first core (C1) 

 

 

In the second test (C2) the core was extracted from a distance of 37 cm from the external side of the 

arch and a height of 73 cm from the ground, and both distances were up to the center of the core.  
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figure 8.12-extraction of the second core (C2) 

 

 

 

figure 8.13 -marking of the second core (C2) 

 

 

In the third test (C3) the core was extracted from a distance of 40 cm from the external side of the arch 

and a height of 70 cm from the ground, and both distances were up to the center of the core.   
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figure 8.14-extraction of the third core (C3) 

 

 

figure 8.15 -marking of the third core (C3) 

 

 

All the cores were extracted up to a depth of almost 20 cm from the surface, in order to form suitable  

cylindrical samples for compression testing. The samples’ diameter is close to 10 cm, so that their 

length/diameter ratio is almost equal to 2,0. 

The three cores have been collected in order to perform a compression test in the laboratory. 
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figure 8.16 -collection of the first core (C1) 

 

 

figure 8.17 -collection of the second core (C2) 

 

 

figure 8.18 -collection of the third core (C3) 
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Three cores for petrographic examination were also extracted from the same arches. All the cores 

were subtracted from the lateral side of the arch, at almost the same height from the ground as the 

cores for compression testing (about 70 cm). Moreover, as it has been previously mentioned, some 

parts of the deteriorated concrete covering from the arch that shows signs of decay have been 

collected for petrographic analysis. 

 

figure 8.19-extraction of first core for petrographic examination (PA1) 

 

 

 

8.1.6. Laboratory compression tests 

In order to identify the compression strength of the three concrete cores three compression tests have 

been performed sequentially. The tests were executed one week after the extraction of the cores from 

the site. 
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figure 8.20-comprssion test on core C1 

 

 

 

figure 8.21-breaking of core C1 
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figure 8.22-comprssion test on core C2 

 

 

 

figure 8.23-breaking of core C2 
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figure 8.24-breaking of core C3 

 

 

The results of the tests can be presented by the following table: 

Sample 

n. 

d 

(cm) 

h 

(cm) 

Section 

(cm²) 

Mu 

(Kg/dm³) 

fc 

(MPa) 

Type of 

breaking 

Total 

mass 

(Kg) 

Ultimate 

load  

(Kgf)      

1 9,4 19,4 69 2,39 53,7 S 3,22 38000 

2 9,4 18,1 69 2,39 65,3 S 3,00 46200 

3 9,4 19,0 69 2,37 42,4 S 3,13 30000 

 

Table 8.2-results of the compression tests on the cores 

 

According to EN 13791:2007, rebound hammer tests may be used for the assessment of in-situ 

compressive strength using a basic curve and shifting it to the appropriate level determined by core 

tests. However, in order to apply this technique, at least 9 pairs of test results (core test results and 

indirect test results from the same location) are needed to obtain the shift by which the basic curve 

needs to be shifted to correlate the results of the two methods. In this case the amount of cores (3) is 

not sufficient to establish this correlation. 

As it has been explained before, the sclerometer application is an indirect method to estimate the 

concrete compressive strength, and is more connected to superficial strength. Since the previously 

described technique cannot be applied, the compressive strength is estimated from the core tests. The 
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results of the sclerometer application are used for a comparison between the results of the 

compression test.  

The average value of the ten rebound numbers is calculated for each test. For each average value the 

corresponding resistance is estimated from the diagram in fig.8.6. The results are shown below: 

 

Sclerometer test Average rebound number R Compressive strength (MPa) 

S1 39,2 40 

S2 43,2 40 

S3 46,1 46 

 

Table 8.3- Estimated compressive strength corresponding to each sclerometer test  

 

According to EN 13791:2007, the assessment of the in-situ characteristic compressive strength can be 

performed according to Approach B when 3 to 14 cores are available. In this case, the in-situ 

characteristic compressive strength of the region is the lower value of: 

fck,is = fm(n),is - k 

and 

fck,is = fis,lowest + 4 

where: 

fck,is is the characteristic in-situ compressive strength 

fm(n),is is the mean in-situ compressive strength of n test results 

fis,lowest is the lowest in-situ compressive strength test result 

k is a margin associated with small numbers of test results 

The margin k is related to the number n of test results, according to the following table (EN 

13791:2007): 
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Table 8.4- values of margin k associated with small number n of test results (EN 13791:2007) 

 

According to the table above the value of k corresponding to 3 cores is equal to 7. 

The mean in-situ compressive strength of the three tests is equal to 53,8 MPa. 

The lowest in-situ compressive strength test result is equal to 42,4 MPa. 

From the previous relations, the value of the in-situ characteristic compressive strength is: 

fck,is =min{53,8-7;42,4+4}=min{46,8;46,4}=46,4 MPa 

 

The estmated value of the characteristic in-situ compressive strength corresponding to the core tests 

is close to the values estmated from the indirect methods. The latter are smaller than the core tests 

results, and this can be attributed to the fact that they are more connected to superficial strength. The 

strength on the surface is usually lower than the strength in the interior part due to the fact that the 

external part is more exposed to environmental conditions and deterioration factors. 

The characteristic in-situ compressive strength can be related to the compressive strength class using 

the following table (EN 13791:2007): 
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Table 8.5-Minimum characteristic in-situ compressive strength for the EN 206-1 compressive strength classes 

(EN 13791:2007) 

 

Considering that the number of tests is rather small, the compressive strength class is estimated by 

using the lowest in-situ compressive test result, in order to avoid overestimation of strength. As a 

result of this the compressive strength class is: 

fck,eq=42,4/0,85=49,9 Mpa → C50/60 

where: 

fck,eq is the equivalent characteristic compressive strength. 
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8.1.7. Phenolphthalein application 

After the completeion of the compressive tests on the cores, the cores were sprayed with a 

phenolphthalein solution in order to assess if they are carbonated. 

Phenolphthalein is used as an acid or base indicator where in contact or presence of acid it will turn 

colorless and with base, it will turn into a pinkish violet color. It is also used to test for signs of 

carbonation reactions in concrete. If the concrete is alkali, the concrete has not reacted. (wikipedia, 

2009) 

In the case of three cores, phenolphthalein turned into violet, which is an indication of high pH value 

and no carbonation. 

 

figure 8.25-application of phenolphthalein solution on core C1 

 

 

figure 8.26-application of phenolphthalein solution on cores C2 and C3 
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8.2. Numerical modelling of a representative arched structure 

8.2.1. Introduction 

The structure of the complex “Città del Cinema” is formed by a series of load bearing reinforced 

concrete arches, as it has been previously described. One of the arches has been modelled and 

analysed in order to study its behaviour against contemporary applied actions. The results of the in-

situ investigation have been used to describe the material properties of the arch.   

 

figure 8.27-plan of the building 

 

 

figure 8.28-section of the studied arched structure 
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As it can be seen from the previous figure, both members of the arch, from the base up to a height of 

2 m from the external side of the arch, have a solid rectangular cross-section. The dimensions of the 

rectangular cross-section are bxh=30x110.  From this height, the cross-section changes and has the 

shape of an I. The width of the I cross-section is b=30 cm and the height is 110 cm. The thickness of 

the I cross-section flange is equal to tf=20 cm and the thicknes of its web is equal to 10 cm. The I 

cross-sections continue until a horizontal distance of 2,3 m from the top, and they change again to 

rectangular until the joint on the top. 

In order to model the structure the beam properties (materials, mechanical properties, geometry of the 

sections) need to be assigned. Two properties have been determined, corresponding to each cross-

section respectively, and assigned properly to the elements of the model: 

 

 

figure 8.29-geometry of beam property 1 

 

 



HISTORIC INDUSTRIAL ARCHED R.C. STRUCTURES: INVESTIGATION AND MODELLING 

 
 

Erasmus Mundus Programme 

122 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 

figure 8.30-geometry of beam property 2 

 

The material of the structure is reinforced concrete. The mechanical properties of concrete have been 

assigned according to the results of the investigation and laboratory tests. As a result of this, the 

concrete characteristic compressive strength that has been assigned to the model is equal to 50 MPa. 

The concrete density that has been assigned to the model is 2500 kg/m³. 

The constructed model of the arch consists of 30 beam elements and is presented at the following 

picture: 

 

 

figure 8.31-model of the arched structure 

 

The constrain conditions have been assigned to the model. The first  two nodes on each base of the 

arch are assigned as fixed restrains. On the top of the arch there is a hinge formed by the joint 

between the two members (fig.8.12). At the hinge position the bending moment should be equal to 

zero.  For this reason, to the one of the beams that are connected with this joint,  a release rotation 

around the axis tangent to the beam cross-section (z axis) has been given. In addition to this, the two 

beam elements that are joined at this node have been divided into four elements in order to acquire 

the zero value of bending moment at the node. 
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figure 8.32-formation of hinge through the joint on top of the arch 

 

8.2.1.1. Loading conditions 

The permanent loads that are acting on the structure are its self weight and the regarded roof 

covering. In addition to this, the arches support a series of X- shaped reinforced concrete beams along 

the logitudinal direction of the building (fig.8.13). The weight of each X beam is considered to be 

equally distributed to every two arches. In order to calculate the weight of each beam, an estimation 

has been made by regarding the X section as 45% of a rectangular cross-section with dimensions 

equal to bxh=30x110. As a result of this, the uniform load of each beam is: 

25 KN/m³ x 1,10 m x 0,30 m x 0,45 = 3,7125 KN/m  

The span of the X beam is 6,04 m. The reaction at each end of the X beam is: 

3,7125 x 6,04/2 = 11,21 KN 

Considering that each arch is supporting one beam at each side of each of its members, the total load 

applied to one member of the arch by the X beams is: 

11,21 x 2 = 22,42 KN. 
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figure 8.33-X-beams applied on the arches 

 

Apart from the permanent actions, variable actions, such as snow and wind action, as well as seismic 

action, have been considered to be applied on the arched structure. 

Each action can be attributed to the model as a separate load case. After that, the structural analysis 

can be performed for each load case, as well as for linear combinations of the load cases. For this 

model, seven different load cases are given. The last two are the two horizontal components of 

seismic action, with the one acting along the logitudinal and the other along the transversal direction of 

the building. 

The first load case is the self weight of the structure, which is attributed to the model as gravity load, 

the same way as it has been assigned to both models of complex “Città della Musica”. 

The second load case is the permanent action of the roof covering. The material of the roof is 

considered to be glass, with a density of 25 kN/m³. The thickness of the covering is chosen to be 

equal to 2 cm. Considering that each frame supports half of the load of the covering, the load 

supported by arch is equal to: 

25 kN/m³ x 0,02 m x (3,02 + 3,02) m = 3,02 kN/m = 3020 N/m 

The load has been assigned as a distributed load to the model: 
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figure 8.34-roof covering assigned to the model 

 

The loads on the arch due to the X-beams that have been calculated previously are assigned to the 

model: 
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figure 8.35-reactions of the X-beams applied on the connection nodes with the arch 

 

The fourth load case is the variable action of snow. As it has been explained before,  the load of the 

snow on the covering can be evaluated with the following expression ( DM 140108): 

qs = µi x qsk x CE ×Ct   

where: 

qs is the snow load on the covering 

µi is the snow load shape coefficient 

qsk is the snow load on the ground 

CE is the exposure coefficient 

Ct is the thermal coefficient 

The value of qs is equal to 1 KN/m², as it has been explained before. 

The values of the exposure coefficient CE and the thermal coefficient Ct are 0,9 and 1 respectively, as 

it has been explained before. 

According to BS EN 1991-1-3:2003, for cylindrical roofs, the undrifted load arrangement to be used is 

shown at the following picture (case (i)): 
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figure 8.36-snow load shape coefficients for cylyndrical roof (BS EN 1991-1-3:2003) 

 

As it can be seen from the picture, the value of the snow load shape coefficient for undrifted load 

arrangement is equal to µ3=0,8. 

For the linear beam elements the angle of pitch is equal to 60º and, as it has been explained in the 

previous cases, the value of the snow load shape coefficient is equal to µ1=0. As a result of this, the 

snow load is applied only to the cylindrical elements and is equal to: 

qs = 0,8 x 1 x 0,9 x 1 = 0,72 KN/m² x (3,02 + 3,02) m = 4,35 KN/m 

The snow load has been assigned to the model: 

 

figure 8.37-snow load assigned to the model 
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The fifth load case is the wind action on the structure, given as wind pressure perpendicular to the 

surface of each beam element. The value of the wind pressure can be estimated by the next formula 

(DM 140108): 

p = qb x ce x cp x cd  

where : 

p is the wind pressure 

qb is the reference kinetic pressure 

ce is the exposition coefficient 

cp is the shape coefficient (or aerodynamic coefficient) 

cd is the dynamic coefficient 

 

The reference kinetic pressure qb is equal to qb=390,625 N/m², as it has been found before. 

The exposition coefficient Ce is equal to 2,2, as it has been estimated before. 

The dynamic coefficient Cd is estimated equal to 1 (DM 140108). 

As it has been expalined previously, according to Consiglio Superiore dei Lavori Pubblici, the shape or 

aerodynamic coefficient Cp can be calculated according to the angle of each beam.  

The calculated values of the shape coefficient as well as the wind pressure on each beam surface are 

shown at the following table: 

Beam Cpe P(N/m) 

9 0,8000 4152,500 

19 0,8000 4152,500 

20 0,8000 4152,500 

21 0,8000 4152,500 

1 0,8000 4152,500 

7 0,8000 4152,500 

6 0,8000 4152,500 

5 0,8000 4152,500 

4 0,8000 4152,500 

3 0,8000 4152,500 

2 0,8000 4152,500 

8 0,8000 4152,500 

27 0,8000 4152,500 

26 0,8000 4152,500 

25 0,8000 4152,500 

17 -0,4000 -2076,250 

30 -0,4000 -2076,250 

29 -0,4000 -2076,250 

28 -0,4000 -2076,250 

16 -0,4000 -2076,250 
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15 -0,4000 -2076,250 

14 -0,4000 -2076,250 

13 -0,4000 -2076,250 

12 -0,4000 -2076,250 

11 -0,4000 -2076,250 

10 -0,4000 -2076,250 

24 -0,4000 -2076,250 

23 -0,4000 -2076,250 

22 -0,4000 -2076,250 

18 -0,4000 -2076,250 

 

Table 8.6- calculated values of wind pressure 

The positive values show that the direction of the wind pressure is towards the surface, while the 

negative values show that the direction of the wind pressure is away from the surface. 

 

The calculated wind load is assigned to the beam elements of the model:  

 

figure 8.38-wind load assigned to the model 

 

A linear static analysis is performed for the previous five load cases.  

The two horizontal components of  seismic action are considered to be acting along the  two main 

axes of the building (x and z). For this reason, the horizontal elastic response spectrum is calculated 

and a response spectrum analysis has been performed. 

The horizontal elastic response spectrum Se (T) is given by the following expressions (DM 140108): 
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0≤T<TB                             Se (T) = ag x S x η x Fo x [T/ TB + (η x Fo)^-1 x (1- T/ TB)] 

TB ≤T< TC                        Se (T) = ag x S x η x Fo 

TC ≤T< TD                        Se (T) = ag x S x η x Fo x ( TC/T) 

TD ≤T                               Se (T) = ag x S x η x Fo x ( TC x TD /T² ) 

where, according to EN 1998-1-2004: 

Se (T)  is the elastic response spectrum  

T          is the vibration period of a single-degree-of-freedom system  

ag        is the design ground acceleration on type A ground (ag = γι x agR) 

TB       is the lower limit of the period of the constant spectral acceleration branch 

TB = Tc/3 

TC      is the upper limit of the period of the constant spectral acceleration branch 

The value of TC is given by: TC = CC x TC* 

TD      is the value defining the beginning of the constant displacement response range of                the 

spectrum 

TD = 4,0 x ag/g + 1,6   

S        is the soil factor 

The value of is is given by the relation: S = SS x ST 

η       is the damping correction factor with a reference value of η = 1 for 5% viscous damping.  

The value of η is given by the relation: η = [10/(5+ξ)]^-2 > 0,55 

Fo         is the factor that quantifies the maximum spectral amplification, on a rigid horizontal reference 

site; it is a value less than 2,2        

The values of Ss and Cc for the different ground types are considered to be the following (DM 

140108): 
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Table 8.7- expressions of Ss and Cc 

 

The values of the topographic amplification coefficient is given at the next table: 

 

Table 8.8- maximum values of the topographic amplification coefficient ST 

The ground type of the structure area is considered to be C and the topographic category is 

considered to be T1. Based on the above mentioned relationships, the values of all the necessary 

parameters for the identification of the elastic response spectrum are the following: 

ag 0.7938 

ξ (%) 5 

η 1 
TC* 0.38 

TC 0.549091 
F0 2.647 

TB 0.18303 

TD 1.924 
SS 1.5 

ST 1 
CC 1.445 

 

Table 8.9- values of elastic response spectrum parameters 
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According to the previous expressions, the elastic response spectrum can be formed. The formation is 

accomplished as shown below: 

 

Elastic response spectrum
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figure 8.39- horizontal elastic response spectrum for ground type C 

 

The horizontal elastic response spectrum is imported to the software in order to represent the seismic 

action on the structure. 

Before the response spectral analysis, a natural frequency analysis is executed in order to identify the 

natural frequencies of a selected number of modes. After several trials, the sufficient number of modes 

is equal to 50.  

For the response spectral analysis, the earthquake is assigned to the structure as a ground 

acceleration. The excitation cases are two, one with the earthquake acting along the x axis and 

another with the earthquake acting along the z axis.  

 

8.2.1.2. Combination of actions 

The various actions that have been attributed to the structure are combined linearly to form the effect 

on the structure (EN 1990:2002). As it has been explained before, the combinations of actions for the 

structure are the following: 

For ULS design, regarding snow as the leading variable actionand wind as the accompanying variable 

action: 
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1,35 x (self weight + covering) + 1,50 x (snow) + 1,50 x 0,6 x (wind)  

For ULS design, regarding wind as the leading variable action and snow as the accompanying 

variable action: 

1,35 x (self weight + covering) + 1,50 x (wind) + 1,50 x 0,5 x (snow) 

For SLS design, regarding snow as the leading variable actionand wind as the accompanying variable 

action: 

1,00 x (self weight + covering) + 1,00 x (snow) + 0,6 x (wind) 

For SLS design, regarding wind as the leading variable action and snow as the accompanying variable 

action: 

1,00 x (self weight + covering) + 1,00 x (wind) + 0,5 x (snow) 

For seismic design purposes, eight different cases are formed. The most unfavourable case will be 

chosen. 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) + Ex + 0,3 Ez 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) + Ex - 0,3 Ez 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) - Ex - 0,3 Ez 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) - Ex + 0,3 Ez 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) + Ez + 0,3 Ex 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) + Ez - 0,3 Ex 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) - Ez - 0,3 Ex 

1,00 x (self weight + covering) + 0,0 x (snow) + 0,0 x (wind) - Ez + 0,3 Ex 

 

The 12 linear load case combinations are given to the model.  

 

8.2.1.3. Results of the analysis 

During the post-process, all the results’ files can be opened and studied, in order to assess the 

behaviour of the structure. For example, it is possible to view all the diagrams of bending moment, 

shear and axial force, as well as the stress conditions of the structure, due to each one of the 12 load 

case combinations. 

The diagrams of bending moment for the various load case combinations are: 
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figure 8.40- bending moment diagram for ULS combination, regarding snow as the leading variable action 

 

figure 8.41- bending moment diagram for ULS combination, regarding wind as the leading variable action 
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figure 8.42- bending moment diagram for the most unfavourable seismic combination ( Ex+0,3Ez) 

 

The diagrams of shear force for the various load case combinations are: 

 

figure 8.43- shear force diagram for ULS combination, regarding snow as the leading variable action 
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figure 8.44- shear force diagram for ULS combination, regarding wind as the leading variable action 

 

figure 8.45- shear force diagram for the most unfavourable seismic combination ( Ex+0,3Ez) 

 

The diagrams of axial force for the various load case combinations are: 
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figure 8.46- axial force diagram for ULS combination, regarding snow as the leading variable action 

 

figure 8.47- axial force diagram for ULS combination, regarding wind as the leading variable action 
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figure 8.48- axial force diagram for the most unfavourable seismic combination ( Ex+0,3Ez) 

 

 

8.2.1.4. Verification of capacity 

In order to verify the capacity of the structure to resist the applied loads, the maximum values of the 

developed stress, σdev, are compared to the allowable values of stress, σal, and the safety factor 

(S.F.=σal/σdev) is calculated.  

The allowable stress is equal to σal =fck/(γcxCF) 

where: 

fck is the characteristic compressive strength of concrete 

γc is the partial factor for concrete for ultimate limit states (γc=1,5 according to BS 1992 1-1:2004) 

CF is the confidence factor (EN 1998-3:2004) 

According to EN 1998-3:2004, to determine the properties of existing materials to be used in the 

calculation of the capacity, when capacity is to be compared with demand for safety verification, the 

mean values obtained from in-situ tests and from the additional sources of information, shall be 
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divided by the confidence factor CF. The confidence factor depends on the knowledge level that 

characterizes the existing structure: 

 

Table 8.10- Knoledge levels and corresponding methods of analysis and confidence factors CF (EN 1998-3:2004) 

 

In this case the knowledge level is considered to correspond to KL1. As a result of this, the confidence 

factor is equal to CF=1,35 

 

The results of the comparison are the following: 
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Element σ,dev (Pa) σ,al (Pa) S.F. 

9 8613256,092 24691358,02 2,867 

19 7266643,334 24691358,02 3,398 

20 3602013,945 24691358,02 6,855 

21 3871830,137 24691358,02 6,377 

1 3631865,717 24691358,02 6,799 

7 2036888,936 24691358,02 12,122 

6 2101302,102 24691358,02 11,751 

5 2398441,221 24691358,02 10,295 

4 2665517,671 24691358,02 9,263 

3 2766732,658 24691358,02 8,924 

2 2632353,914 24691358,02 9,380 

8 1534303,889 24691358,02 16,093 

27 1497394,785 24691358,02 16,490 

26 1346810,678 24691358,02 18,333 

25 1079442,413 24691358,02 22,874 

17 920138,1721 24691358,02 26,834 

30 1221525,45 24691358,02 20,214 

29 1613733,056 24691358,02 15,301 

28 2096760,988 24691358,02 11,776 

16 4710441,834 24691358,02 5,242 

15 6370808,24 24691358,02 3,876 

14 7747308,021 24691358,02 3,187 

13 8653712,541 24691358,02 2,853 

12 8870592,501 24691358,02 2,784 

11 9000372,549 24691358,02 2,743 

10 8392785,638 24691358,02 2,942 

24 4620251,295 24691358,02 5,344 

23 5945241,242 24691358,02 4,153 

22 8038645,779 24691358,02 3,072 

18 6784368,832 24691358,02 3,639 

 

Table 8.11-comparison between the values of stress of the analysis and the values of concrete strength 

 

As it can be observed fro the table above for all the elements the developed stress is lower than the 

allowable stress and the safety factor is greater than 1. The structure can resist the developed 

compressive stresses. 
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8.2.1.5. Verification of logitudinal reinforcement 

The diameter of logitudinal bars has been estimated to be equal to 8 mm during the investigation 

process. It has also been estimated that the amount of bars along the height of the section was equal 

to five, at the rectangular cross-section. However, the exact amount and ordinance of bars of the arch 

cross-sections could not be identified. As a result of this, an assumption has been made for the 

number and ordinance of logitudinal bars of the cross-sections: 

 

 

 

figure 8.49-number and ordinance of logitudinal bars of the arch cross-sections 

 

In order to verify the sufficiency of reinforcement the demanded amount of reinforcement has been 

calculated and compared to the assumed existing one. The demanded reinforcement has been 

calculated for beam element 9, on which, according to the analysis, the maximum bending moment 

has been developed: 
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figure 8.50-diagram of bending moment, with the maximum bending moment applied on element 9 

 

The results of the calculated demanded reinforcement and the comparison between the assumed 

exidting one are presented at the following table: 

 

Element b(mm) b(m) d(mm) d(m) Msd(Nm) µsd 

9 300 0,3 1074 1,074 755616,1016 0,088435 

 

ωtot Astot,dem(m²) As,b,dem=As,tot/20 

0,0938 0,00232 0,00012 

 

Φ (m) As,b,ex (m²) As,b,dem-As,b,ex 

0,008 0,00005 -0,00007 

 

Tables 8.12, 8.13, 8.14-calculation of the demended reinforcement and comparison with the assumed existing 

one  

 

According to the previous calculations, the assumed existing reinforcement is not enough to satisfy the 

demand.  
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A hypothesis of two bars of 8 mm joined together instead of one at each bar location is also checked 

to verify the demand of reinforcement: 

As,b,dem = 0,00232/40 = 5,8 x 10^-5 m² = 0,58 cm² > As,b (8 mm) = 0,50 cm² 

According to the calculations, the amount of reinforcement is not enough to verify the demand. 

The demend of reinforcement is verified for logitudinal bars with a diameter equal to 14 mm: 

As,tot = 20 x π x 0,014²/4 = 0,003079 m² > As,tot,dem = 0,00232 m² 

 

The demanded reinforcement has also been calculated for beam element 19, which has an I beam 

cross-section and the amount of bars has been assumed to be equal to 18: 

 

Element b(mm) b(m) d(mm) d(m) Msd(Nm) µsd 

19 300 0,3 1074 1,074 459804,5771 0,053615 

 

ωtot Astot,dem(m²) As,b,dem=As,tot/18 

0,0938 0,00138 0,000077 

 

Φ (m) As,b,ex (m^2²) As,b,dem-As,b,ex 

0,008 0,000050 -0,000026 

 

Tables 8.15, 8.16, 8.17 -calculation of the demended reinforcement and comparison with the assumed existing 

one (element 19) 

 

According to the calculations, the assumed existing reinforcement is not sufficient to satusfy the 

demand.  

For the hypothesis of two bars of 8 mm joined together instead of one at each bar location the 

verification of logitudinal reinforcement is also checked: 

As,b,dem = 0,00138/36 = 3,83 x 10^-5 m² = 0,383 cm² < As,b (8 mm) = 0,50 cm² 

In this case the demanded reinforcement is verified for bars with a diameter of 8 mm. 

Moreover, the verification of the minimum reinforcement area is also checked. 

According to BS EN 1992-1-2004, the recommended value of minimum reinforcement area for beams 

is the following: 

As,min = 0,26 x b x d x fctm/fyk >=0,0013 x b x d 
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As,min = 0,26 x 0,3 x 1,074 x 4,1/50 = 0,00687 m² > 0,00042 

In the case of 20 bars with a diameter of 8 mm the total reinforcement area is: 

As,tot = 10,06 cm² = 0,001006 m² < As,min = 0,00687 m² 

In the case of 40 bars with a diameter of 8 mm the total reinforcement area is: 

As,tot = 20,12 cm² = 0,002012m² < As,min = 0,00687 m² 

 

According to the calculations the minimum reinforcement area is not verified. 

 

8.2.1.6. Verification of shear resistance 

 

The shear resistance of each member is calculated and compared to the maximum design value of 

the applied shear force. The results are the following: 

 

Element b(m) d(m) Vd(N) Ved(N) V=0,5*b*d*v*fcd V-Ved 

9 0,3 1,074 -151692,8478 151692,8478 1909333,333 1757640,486 

19 0,3 1,074 122189,1935 122189,1935 1909333,333 1787144,14 

20 0,3 1,074 86020,5213 86020,5213 1909333,333 1823312,812 

21 0,3 1,074 49851,849 49851,849 1909333,333 1859481,484 

1 0,3 1,074 -41253,0013 41253,0013 1909333,333 1868080,332 

7 0,3 1,074 -18170,111 18170,111 1909333,333 1891163,222 

6 0,3 1,074 -24664,7995 24664,7995 1909333,333 1884668,534 

5 0,3 1,074 -28827,9521 28827,9521 1909333,333 1880505,381 

4 0,3 1,074 -27590,1189 27590,1189 1909333,333 1881743,214 

3 0,3 1,074 34601,5641 34601,5641 1909333,333 1874731,769 

2 0,3 1,074 47245,8541 47245,8541 1909333,333 1862087,479 

8 0,3 1,074 32831,6522 32831,6522 1909333,333 1876501,681 

27 0,3 1,074 45775,0192 45775,0192 1909333,333 1863558,314 

26 0,3 1,074 58718,3861 58718,3861 1909333,333 1850614,947 

25 0,3 1,074 71661,7531 71661,7531 1909333,333 1837671,58 

17 0,3 1,074 51197,0724 51197,0724 1909333,333 1858136,261 

30 0,3 1,074 59194,6853 59194,6853 1909333,333 1850138,648 

29 0,3 1,074 67192,2982 67192,2982 1909333,333 1842141,035 

28 0,3 1,074 75189,9111 75189,9111 1909333,333 1834143,422 

16 0,3 1,074 66661,6382 66661,6382 1909333,333 1842671,695 

15 0,3 1,074 56156,4886 56156,4886 1909333,333 1853176,845 

14 0,3 1,074 44888,8854 44888,8854 1909333,333 1864444,448 

13 0,3 1,074 31788,0442 31788,0442 1909333,333 1877545,289 

12 0,3 1,074 13139,3957 13139,3957 1909333,333 1896193,938 
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11 0,3 1,074 36827,4899 36827,4899 1909333,333 1872505,843 

10 0,3 1,074 -72187,356 72187,356 1909333,333 1837145,977 

24 0,3 1,074 -65758,4484 65758,4484 1909333,333 1843574,885 

23 0,3 1,074 -59329,5408 59329,5408 1909333,333 1850003,793 

22 0,3 1,074 -52900,6331 52900,6331 1909333,333 1856432,7 

18 0,3 1,074 -57826,7981 57826,7981 1909333,333 1851506,535 

 

v,min+0,15*σcp*b*d 0,18k(100ρlfck)^1/3/γc+0,15*σcp Vrd(N) Vrd-Ved 

65710,14255 203550,0112 203550,0112 51857,16343 

65710,14255 203550,0112 203550,0112 81360,81773 

65710,14255 203550,0112 203550,0112 117529,4899 

65710,14255 203550,0112 203550,0112 153698,1622 

65710,14255 203550,0112 203550,0112 162297,0099 

65710,14255 203550,0112 203550,0112 185379,9002 

65710,14255 203550,0112 203550,0112 178885,2117 

65710,14255 203550,0112 203550,0112 174722,0591 

65710,14255 203550,0112 203550,0112 175959,8923 

65710,14255 203550,0112 203550,0112 168948,4471 

65710,14255 203550,0112 203550,0112 156304,1571 

65710,14255 203550,0112 203550,0112 170718,359 

65710,14255 203550,0112 203550,0112 157774,992 

65710,14255 203550,0112 203550,0112 144831,6251 

65710,14255 203550,0112 203550,0112 131888,2581 

65710,14255 203550,0112 203550,0112 152352,9388 

65710,14255 203550,0112 203550,0112 144355,3259 

65710,14255 203550,0112 203550,0112 136357,713 

65710,14255 203550,0112 203550,0112 128360,1001 

65710,14255 203550,0112 203550,0112 136888,373 

65710,14255 203550,0112 203550,0112 147393,5226 

65710,14255 203550,0112 203550,0112 158661,1258 

65710,14255 203550,0112 203550,0112 171761,967 

65710,14255 203550,0112 203550,0112 190410,6155 

65710,14255 203550,0112 203550,0112 166722,5213 

65710,14255 203550,0112 203550,0112 131362,6552 

65710,14255 203550,0112 203550,0112 137791,5628 

65710,14255 203550,0112 203550,0112 144220,4704 

65710,14255 203550,0112 203550,0112 150649,3781 

65710,14255 203550,0112 203550,0112 145723,2131 

 

Tables 8.18, 8.19-comparison between the maximum design value of shear force and the shear resistance of 

each member 

 

As it can be observed from the results, the design shear resistance of the members without shear 

reinforcement is greater than the design value of the developed shear force at each member. As a 

result of this, the structure can resist the developed shear forces even without shear reinforcement. 
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9. CONCLUSIONS 

The three structures have been analysed and their capacity to resist the applied loads has been 

checked.  The results of the structural analysis and the verification procedures are very useful for the 

assessment of the structures. 

The first structure that was modelled was an arched frame with fixed supports on the ground, which 

belonged to a series of frames that form the principal body of the complex “Città della Musica”. The 

structure is made of concrete with a charcteristic compressive strength of about 32 MPa. According to 

the verification procedure, the frame has sufficient bending and shear resistance to withstand the 

design values of the applied loads.  

The second structure that was modelled consisted of two frames connected together, a bigger arched 

frame and a second smaller frame, with fixed supports on the ground. The two frames are joined 

together with a common column, the section of which decreases. From a height of about 3,5 m from 

the ground up to about 5,15 m, which is the height of the second frames’ columns,  the column of the 

second frame starts to separate from the arched frame, by forming a vertical member with a constant 

cross-section. The concrete quality of the two frames is different. The arched frame is made of 

concrete with a value of characteristic compressive strength of about 25 MPa. The second frame is 

made of concrete with a value of characteristic compressive strength of about 20 MPa. The two joined 

frames were part of a series of frames that forms the secondary body of the complex “Città della 

Musica”. 

According to the verification process, the columns of the second frame do not have enough bending 

resistance. In addition to this, according to the shear verification, the shear reinforcement of the 

second frame is in total not sufficient to resist the developed shear forces. This condition can be 

related to the fact that the second frame is made of concrete of lower strength than the arched frame.  

Regarding the arched frame, the verification procedure showed that its bending resistance is enough 

to satisfy the demand obtained from the analysis. However, the shear resistance of the left column 

and two parts of its beams was found not sufficient. 

Taking the above results into consideration, the parts of the structure that do not have the required 

resistance need to be strengthened. This could be achieved by applying additional reinforcement and 

concrete overlays in order to increase the cross-sections.  

The condition of the complex “Città della Musica” is corresponding to a phase of reconstruction works. 

A new building is constructed inside the existing one. During a site visit on May 12th, 2009, it could be 

observed that the required strengthening of the existing structure was taking place. More specifically, 

the foundations and columns of the frames of the structure were strengthened with additional 

reinforcement and concrete overlays, in order to provide the required resistance to the existing 

structure. 
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figure 9.1-strengthening of foundation and application of protective layer to the reinforcement 

 

 

figure 9.2-application of mortar on the base of the column  
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figure 9.3-strengthening of foundations by additional reinforcement 

 

 

figure 9.4-application of protection layer on the reinforcement 
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figure 9.5-strengthening of columns with additional reinforcement 

 

 

The third structure that was modelled was an arch with fixed supports on the ground and a hinge on 

the top. The arch has a part of a series of arches that formed the frame of the structure “Città del 

Cinema”.  

During the in-situ investigation that was performed on June 16th, 2009, the various arches of the 

building were in very different conditions. Three arches that were in a general good condition were 

subjected to NDT and MDT, including core extraction for compressive testing purposes. After the 

laboratory compression tests the average characteristic compression strength of concrete 

corresponding to the core samples of the three arches was estimated to be around 50 MPa.  

After the structural analysis and the verification procedure it could be observed that the logitudinal 

reinforcement of the arch is not sufficient to provide the required bending resistance. In contrast with 

this, the shear resistance of the arch is quite satisfying. 

Samples from the three cores were used for the execution of petrographic and XRPD analysis. 

According to the petrographic analysis, the samples of the three cores presented a very good 

distribution of aggregates, low porosity and a well-balanced water/cement radio. These clues could be 

related to a high value of compressive strength. The sample of the third core presented the highest 
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water/cement ratio, which was in aggrement with the compressive test result that attributed the lowest 

value of compressive strength to the third core. 

Furthermore, as it has already been mentioned, the arches presented a superficial black crust. For this 

reason, two samples of each core, one of the internal and the other of the external part were taken for 

XRPD analysis. The analysis provided evidence of sulphate attack into all the samples, internal and 

external ones. This result could assist the hypothesis of sulphate attack not only by the polluted 

atmosphere but also from the soil, which reached the concrete interior through capillary action.  

Apart from the three arches, analysis was performed on samples from the deterirated arch. The 

analysis showed that the condition of the reinforcement of that arch was rather bad, since it was 

deeply affected by corrosion and was almost melted. Moreover, there were significant signs of 

sulphate and chloride attack that probably were related to the delamination and decay of concrete. 

The presence of high level of humidity due to the absence of sun at that part of the structure had 

probably assisted the penetration of sulphates into the interior of concrete. 

The petrographic and XRPD analyses are included in  the Annex. The extraction of cores for 

petrographic examinations as well as all the analyses that have been described above and are 

included at the Annex were performed by two phD students of University of Padova, Department of 

Geosciences,  Dr. Michelle Secco and Dr. Matteo Parisatto.  

Taking everything into consideration, the strengthening of the structure is a matter of great 

importance. The deteriorated parts should be immediately repaired and strengthened, as the quality of 

concrete there has been strongly downgraded. The reinforcement of those parts should be replaced 

by new one, since it has been destroyed and is not working any more. 

The arches with no significant signs of decay should also be strengthened by ways such as applying 

additional reinforcement and concrete overlays, in order to obtain the required flexural resistance. 
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