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Historical moments from Civil Engineering technical 
education in Moldova 

 

Midle Age and the beginning of Modern Age 
- “Schola latină” (Latin School) from Cotnari (1562-1563) (during the ruling of the 

voivode Eraclide “the Despot”). 
- Superior College (also named “Vasilian Collage” or “Vasilian Academy” after the 

voivode Vasile Lupu) from the Trei Ierarhi Monastery in Iaşi (1634-1653). 
- “Şcoala Domnească” (Royal or Voivodal School) from Iaşi (1714). 

XIXth Century 
- “Şcoala de ingineri hotarnici” (School of Land Surveyors) in Romanian language 

from Iaşi (1813-1820) created by Gheorghe Asachi. This is the first testimony 
of engineering technical education in Romanian language in Iaşi. 

- “Academia Mihăileană” (“Mihailean Academy”, after the  voivode Mihail Sturdza) 
from Iaşi (1834-1848). Through the Mihailean Academy, durable foundations 
for Romanian Higher education were laid. 

- Mihail Kogălniceanu (politician, historian, writer and journalist) makes the project 
for organizing in Iaşi an “Applicative School for Roads, Bridges and Buildings” 
(„Şcoala de aplicaţie pentru drumuri, poduri şi zidiri”).  This is the first project of 
a polytechnic school in Romania (1850). 

XXth Century 
- Inside the University of Iaşi, the next Applied Sciences sections are created: 

Electrotechnic, Industrial Chemistry, and Agricultural Chemestry (1912). 
- The „Gheorghe Asachi” Polytechnical School from Iaşi (1937) containing the next 

Faculties: Electrotechnic, Industrial Chemistry, and Agriculture is formed. 
- The Faculty of Civil Engineering is established (1941). 
- The Polytechnical School from Iaşi is divided in 1948 into: 

- „Ion Ionescu de la Brad” Agronomical Institute from Iaşi; 
- „Gheorghe Asachi” Polytechnical Institute of Iaşi, with the Faculties: Industrial 

Chemistry, Civil Engineering, Electromechanics and Mechanics. 
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Establishment of the Faculty of Civil Engineering of Iaşi 

 
Based on the Decree-Law no. 989 from November 13, 1941, published in „The 

Official Monitor” no. 270, at the „Gh. Asachi” Polytechnical School from Iaşi the 

Faculty of Civil Engineering is established. 

 

In „The Official Monitor”, part I, no. 118 from May 23, 1942, the Faculty of Civil 

Engineering of Iaşi’s structural organization is published. The general specialization 

is that of Civil Engineer and the Faculty had the next positions: six Professors and 

six Associate Professors for general subjects, four Professors for specialty subjects 

(Bridges I – wood and masonry, Bridges II – metallic constructions, Railways, 

Roads) and five Associate Professors for specialty subjects (Drawing for Civil 

Engineering; Topography, Geodesy and Land Survey; Construction Materials’ 

Technology; Architecture; Navigations and Land Reclamation). During the next 

years, other subjects have been added: Civil Engineering Constructions, 

Geotechnics, Reinforced Concrete, Foundations, and Urbanism. Under this 

organizational structure, the Faculty acted until the education reform in 1948. 
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Prof. univ. em. ing. Dimitrie I. Atanasiu (1906-1977) 

Dimitrie I. Atanasiu est né à la ville de Huşi 
(Roumanie), l’année 1906. 

Licencié, après des études brillants à l’Ecole 
Polytechnique de Bucarest, l’année 1929, il a 
déployé une activité complexe dans le domaine 
routier, avec des notables résultats en ce qui 
concerne l’exécution des ouvrages, projection, 
recherche scientifique, enseignement supérieur, son 
nom et ses contributions en étant associées à des 
étapes représentatives de l’évolution de la technique 
routière en Roumanie. 

Après deux stages de perfectionnement en France, à 
l’Ecole Normale des Ponts et Chaussées 
(1931,1932), sous la direction du professeur P. le 
Gavrian, il a publié les méthodologies des essais de laboratoire pour les liants 
bitumineux et les solutions technologiques françaises dans le domaine des 
chaussées souples, ensemble des éléments d’utilité évidente pour le départ de 
l’action de modernisation du réseau routier national. 

Dans le but  de conformer les solutions technologiques dans les conditions de trafic 
et climatiques spécifiques pour notre pays, sous la coordination du Ministère des 
Travaux Publics, il a projeté et réalisé (1934-1935) l’essai routier « Chaussé 
laboratoire », qui a consisté en  tronçons intégrés (la route nationale-DN 1-
Bucarest-Ploieşti). Dans cet essai routier, à l’échelle naturelle, on retrouve des 
critères et des objectifs valables même actuellement, quand les domaines des essais 
„in situ” et ceux à trafic accéléré se réclament a être précisés et corrélés.  

A l’occasion de la Conférence Internationale de Budapest (1935), il a élaboré le 
rapport de la Roumanie, au sujet de la  réalisation de la Route internationale 
Londres-Istanbul, avec la liaison secondaire Budapest-Bucarest-Constanţa, axe qui 
fait partie, à présent, du projet de l’Autoroute Transeuropéenne Nord-Sud des 
Nations Unies (TEM). 

Comme ingénieur en chef, il a dirigé la Direction d’Etudes et des Investissements 
(Ministère des travaux Publics-Direction Générale des Routes), en initiant l’étude 
et la systématisation des normes techniques pour la projection, la construction et 
l’entretien des routes, a réalisé lui-même des nombreux projets pour des ouvrages 
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d’art-y compris des solutions types, et a coordonné la modernisation des nombreux 
tronçons des routes nationales. 

D. I. Atanasiu  a été directeur général ou technique  aux sociétés routières 
renommées (« VIA », »Unirea »)  dés l’année 1944 jusqu’à l’année 1948, et a 
dirigé les directions routières départementales de Cernăuţi (1942-1944) et de Iassy 
(1948-1952), qui ont redressé le réseau routier en Moldavie, pendant et après la 
deuxième guerre mondiale. 

Dans l’enseignement supérieure,il a rempli les fonctions d’assistent à la chaire du 
grand mathématicien et ingénieur routier Ion Ionescu-Bizeţ, à l’Ecole 
Polytechnique de Bucarest (1933-1936), de professeur des routes/béton armé à la 
Polytechnique de Cernăuţi (1942-1944) et de professeur des routes à l’Institut 
Polytechnique « Gh. Asachi » Iassy (1944-1972), où il a accompli pareillement les 
fonctions de chef de la chaire des routes (1948-1972), de vice doyen (1952-1962) 
et de doyen (1962-1972) de la Faculté de Construction. 

Dans le but de moderniser la base matérielle de la recherche scientifique de la 
Faculté de Construction de Iasi, avec les professeurs Anton Şesan et Nicolas Preda, 
a réalisé (1957) la Station pilot annulaire, station qui-aujourd’hui à la troisième 
génération est présentée dans le document final de COST 347. 

Dans l’année 1969, D. I. Atanasiu a reçu le titre de professeur universitaire émeri. 

Auteur de 5 manuels universitaires et de plus 60 communications scientifiques, D. 
I. Atanasiu a dirigé en plus de 20 thèses de doctorat. 

Par vocation ingénieur, homme de science et professeur, Dimitrie I. Atanasiu 
occupe une place de premier plan dans l’histoire de la science et de la technique 
routière roumaine.  

 

Horia Zarojanu 
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Highway and Bridge Engineering, a dynamic research field 

Constantin Ionescu1, Fideliu Păuleţ-Crăiniceanu1, 

Radu Andrei2, Cristian Claudiu Comisu2 
1Department of Structural Mechanics, “Gh. Asachi” Technical University, Iaşi, 700050, Romania 

2Dept. of Transp. Infrastr. &Foundations, “Gh. Asachi” Technical University, Iaşi, 700050, Romania 

Summary 
Highway and Bridge Engineering is a part of Civil Engineering that is becoming of 
particular interest because of its important and rising role for the human society. 
The international symposiums on transportation held every year in Iaşi, Romania 
during the last four years are proving the above statement. The multitude and 
diversity of themes, methodologies and applications show that these symposiums 
are a result of a necessity and of a practical approach in Civil Engineering. 

The 2006 transportation symposium named “Actual Trends in Highway and Bridge 
Engineering 2006” (ATHBE 2006) has shown that, through the gathering of 
researchers’ achievements and points of view, it is a real platform for scientific 
expression and it is helping people involved in the field for obtaining news and 
knowledge. 

ATHBE 2006 had a large number of participants and it distinguished through the 
high quality of science and technology reflected in the papers of proceedings. 

The 2006 symposium was also an opportunity for remembering the regretted 
Professor Dimitrie I. Atanasiu from the Faculty of Civil Engineering of Iaşi and 
also to celebrate the 65th anniversary from the establishment of higher education 
in construction field in Moldova. 

 
KEYWORDS: Highway and Bridge Engineering, pavement monitoring, management 
of transportation infrastructures, bridges design, methods and techniques in 
Transportation Engineering. 

1. INTRODUCTION 

As a part of Civil Engineering, the Highway and Bridge Engineering is becoming of 
particular interest because of its important and rising role for the human society. One of 
the main goals is to assure a safe and reliable infrastructure that, in turn, produces a 
powerful base for economic, social, administrative, etc. progress. 
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Seeing this fundamental aspect of our social life (i.e. transportation infrastructure 
importance), a group of enthusiasts have organized several symposiums with 
international collaboration and support [1-4] every year for the last four years. 
In 2003, the International Symposium “Engineering Constructions and the 
Environment”, shortened ECE 2003, was held on May 24 under the Romanian name 
“Construcţiile inginereşti şi mediul înconjurător”. This was dedicated to the 
Transportation infrastructure and its integration in the natural environment. The editors 
of the book, [1], are: B. Cososchi, C. Ionescu, F. Păuleţ-Crăiniceanu and N.V. Vlad. 

2003 
 

2004 
 

 

2005 
 

 

2006 
 

 
Figure 1. Proceedings of Transportation Symposiums (covers of books and CDs) 

Under the edition of C. Ionescu, F. Păuleţ-Crăiniceanu and R. Andrei, the proceedings 
of the International Symposium “Reliability and Performance in Bridge & 
Transportation Infrastructure Engineering”, [2], shortened RPBTIE 2004, are issued. 
This symposium took place on December 17, 2004. 
The Transportation symposium from 2005 was named “Actual trends in highway and 
bridge engineering 2005” or ATHBE 2005. The book of proccedings, [3], was edited 
by C. Ionescu, F. Păuleţ-Crăiniceanu, R. Andrei, C. Comisu. 
In 2006, C. Ionescu, F. Păuleţ-Crăiniceanu, R. Andrei, C.C. Comisu, (editors), 
published the proceedings of “Actual Trends in Highway and Bridge Engineering 
2006”, International Symposium, Iaşi, România, December 15, [4]. 
It is hoped that transportation symposiums may become a tradition. This tradition 
should be a platform for impressive researches and a chance for researchers to integrate 
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more in the scientific community. Images of the issued books and CDs are seen in 
Figure 1. 

Table 1. Evolution of participation to the Transportation Symposiums 

 No of 
authors 

No of 
countries  

No of 
papers 

No of 
pages 

ECE 2003 28 4 26 186 
RPBTIE 2004 25 4 17 192 
ATHBE 2005 33 3 24 253 
ATHBE 2006 46 6 33 290 

 
A synthetic statistics of the participations to the transportation symposiums is shown in 
Table 1. 
Actual Trends in Highway and Bridge Engineering 2006 was also an opportunity for 
remembering regretted Professor Dimitrie I. Atanasiu from Faculty of Civil 
Engineering of Iaşi, Figure 2, and also to celebrate the 65th anniversary from the 
establishment of higher education in construction field in Moldova. 

 
Dimitrie I. Atanasiu (1906-1977)  

Figure 2. ATHBE 2006. The remembered Professor Dimitrie I. Atanasiu  

From the gained experience, the organizers of these international symposiums have 
detected some general important themes of the field: Accelerated Testing Methods and 
Techniques in Transportation Engineering; Structural and Geometric Design of 
Highways and Railways; Bridges Design; Highways and Bridges Construction 
Technologies; Maintenance, Rehabilitation and Reliability of Highways and Bridges; 
Construction, Maintenance and Rehabilitation of Airports; Static and Dynamic 
Analysis of Bridges; Long Term Monitoring of Pavement Performance; Management 
of Transportation Infrastructures; Mathematical Methods in Transportation 
Engineering. For the moment the papers were not classified conforming to the themes, 
but it might be useful in the future. 
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At the same time it should be fair to stress the importance and support given by the 
Faculty of Civil Engineering from the “Gh. Asachi” Technical University of Iaşi, 
Romania, by the “Matei-Teiu Botez” Academic Society from Iaşi, Romania and its 
publishing house to the four held symposiums. Also, it might be of interest to show that 
many papers published under these symposiums are also published in the international, 
internet based (http://www.ce.tuiasi.ro/intersections/) scientific journal 
“Intersecţii/Intersections”. 

2. HIGHWAY AND BRIDGE ENGINEERING ACCOMPLISHMENTS 

This paper tries to identify the achievements and performances brought by the 
participants of the Actual Trends in Highway and Bridge Engineering 2006 
International Symposium, [4], and to see also some perspective reflected in the 
published papers. 
In [6], “Utilization of By-Products for Preparing Road Cement Concrete”, M. Bărbuţă 
is firstly listing the main materials obtained from some manufacturing processes and 
that could be used in transportation infrastructure: blast-furnace slag, steel slag, silica 
fume, construction waste. An experimental program was conducted. Results are shown 
that, if specific combinations of concrete components are respected, standard tensile 
and compressive strength requirements for road infrastructure can be reached.  
C.C. Comisu, is focused on “Design and management of monitoring system for 
bridges”, [9]. The paper tries to establish a better basis for selecting the optimal 
maintenance and rehabilitation strategy. A comparison between the traditional and 
modern systems of monitoring the bridges is carried on. Developing an integrated 
monitoring system for durability assessment of bridges is the main objective of the 
study. Advantages of the proposed system are shown. 
A “Modal testing of bridges” is proposed by C.C. Comisu, [10]. Between the 
advantages offered by the proposal, there are: possibility of prompt intervention, 
possibility of taking decisions in due time and the optimized administration of the 
highway bridges. The goal of the presented research program is creation of a mobile 
laboratory with a complete set of equipment and calculation technique the creation of a 
mobile laboratory with a complete set of equipment and calculation technique. 
P. De Winne and E. De Winne are dealing with “Building a new interchange on the 
intersection of the E34 Antwerp-Knokke with the R4 Zelzate”, [11]. Technical, 
economical, social and environment aspects are shown. A special attention was paid to 
the way work was carefully organized into phases so as to help minimize the disruption 
of traffic. It is presented how the intersection belonging to a main road with traffic 
three-color lights was replaced by an interchange with solely grade-separation 
junctions. Detailed description of the construction work and technology is also 
presented. 
In the paper “Life Cycle Cost Analysis (LCCA) of the pavements”, [12], R. Gavrilescu 
is making an analysis of costs for two main pavement solutions: Asphalt Concrete 
(AC) and Portland Cement Concrete (PCC). Adopting the LCCA method, an important 
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study (referring to a 30 years life time) was carried out. The study has shown that, 
under some circumstances, the PCC solution is more economical on long term. 
O. Gavris is dealing with “Determination the vibration modes of the oblique deck 
bridges by finite strip” in [13]. The main goal of the proposed approach is to use the 
finite strips method (FSM) for obtaining the stress and strain states of plan plates. The 
proposed methodology is proved to be efficient and reliable. A computer program and 
numerical applications are shown. 
C. Jantea, in the paper “General buckling of compressed chord of metal truss bottom-
way bridges without horizontal bracing”, [15], is comparing the calculations rules 
imposed by Eurocode 3 and by a Romanian code with the theoretical exact 
calculations. It is concluded that not taking into account the influence of diagonals or 
stanchions of the truss semi-frames can lead to large differences from theoretical 
calculated stiffness. 
In their paper “The cooperation of the cracked concrete in bridge composite 
constructions according to EC – 4”, [16], M. Łagoda and K. Fordoński make an 
extensive study on the influence of concrete in composite bridges. This influence is 
studied taking into account the specifications from European codes. It was found that 
the concrete participation is important and it can reveal better the real state of an 
existing bridge. This could lead to economical benefits for new composite (steel-
concrete) bridges in the design stage. 
I. Lungu presents the paper titled “Large diameter bored piles in rehabilitation of 
bridge infrastructure”, [19]. The paper proposes a design approach for large diameter 
bored piles acting as settlement reducers for rehabilitated foundation. It is considered 
that the load transfer from structure to the new foundation system involves also a 
strengthening along the pier itself. 
In the paper “Influence of a corner and distances between working bodies on 
productivity bars mixer of continuous action”, [19], V. Lungu is dealing with the 
problem of obtaining better design for mixers with mixing bars made from working 
bodies. The study is taking into account the angles and the distances between the shafts 
as main parameters. The most favorable values are revealed and also, for the sake of 
usability, a nomogram for productivity was issued. 
P. Moga, Ş.I. Guţiu, and C. Moga, presents their paper titled “Composite pylons of 
concrete – filled tubular hollow sections”, [21]. The paper shows the design of 
rectangular and circular sections subjected to axial compression and combined axial 
compression and uniaxial bending in accordance with EC 4. A numerical example 
regarding the verification of the load carrying capacity of a composite footbridge pylon 
is also issued. The authors are concluding that composite steel-concrete structures can 
offer efficient solutions for pylons. 
“Aspects regarding the determination of strains in soils with high sensibility to 
wetting”, [22], are presented by A. Nicuta. Theoretical background regarding the 
influence of water in difficult foundation soils is developed. A case study referring to 
some soil composition in Moldova area is carried out. 
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A. Nicuta presents also a paper titled “Evaluation methods of slope stability created 
from industrial waste”, [23]. A special methodology regarding the stability of industrial 
waste from waste warehouse resulted from industrial activities is shown. The task is 
proven to be somehow difficult because of special involved materials. Variation of 
safety coefficient is studied. Four main cases are analyzed depending on the material 
type (normal or liquefied ash) and soil type (clayey or sandy). 
A.M. Nicuţă and C. Ionescu, C. study the “Quality cost in bridge engineering”, [24]. 
Attention is given to the Pareto Diagram, instrument which is able to establish the cost 
– quality correlation or the cost which fulfills a bridge quality condition. Quality costs 
determination and quality costs structure are analyzed. Quality costs determination 
through Pareto diagram is exemplified. 
Because the length of life cycle of reinforced concrete construction is significantly 
influenced by the corrosion factor of concrete and particularly of the reinforcement, V. 
Petranek is presented the study titled “Fast setting surface repair system for concrete 
structures based on polymers and waste materials as fillers”, [25]. New or modern 
repairing materials are proposed and analyzed: granulated blast furnace slag, foundry 
sand, siliceous sand, epoxy resin. Systematic tests have been conducted. Results are 
revealing very encouraging results in tenacity, tensile strength in bend, water tightness, 
absorption, frost resistance, module of elasticity in bend and UV radiation tolerance 
tests. 
“Nanotechnology-Based Production of Self-Cleaning Material: Plausibility of its Use 
in Bridge Construction”, [26], is he name of the paper presented by V. Petranek and D. 
Vasilakakis. Based on photocatalysis phenomenon, the authors are proposing new 
ideas for protection materials in Bridge Engineering. The authors show that when the 
right amount of UV-radiation is absorbed by a titanium oxide based material, a so-
called hole-electron pair is formed, creating very powerful oxidizing and reducing 
agents. The authors propose applications in Construction industry as well as a testing 
program. 
“A Conceptual Framework for the Territorial Development System”, [28], is the title of 
the paper written by R. Popa and C. Ionescu. The main goal of the paper is to define 
the concept of territorial development system. The European and national 
transportation system are analyzed. The authors show that one of the possible risks, 
especially in new member states, is the development only around metropolitan areas. 
Therefore, smaller cities and rural areas might be disconnected from the growth 
process. 
In the paper “Development of Bridge Management System in Romania”, [29], R. 
Scînteie is exposing the process of constructing the system as well as the principles of 
working and procedures. The project development is shown. One of the main parts of 
the project is the software development that is described in details. High quality 
decision making is based on that software. 
V. Tomica and M. Krejsa propose a “Solution of Fatigue Crack Propagation without 
Using Monte Carlo Simulation Technique”, in [32]. They are using probabilistic 
approaches as Direct Determined Fully Probabilistic Method, or DDFPM, instead of 
classical Monte Carlo method, in determination of the state of bridges. Theoretical 
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background is revealed and a failure probabilistic index is proposed. The DDFPM 
method is exposed and the advantages over Monte Carlo method are shown. An 
extensive numerical example is also developed. 
“Probabilistic Evaluation of Stability of Bridge Abutments due to Scours”, [33], is a 
paper written by V. Tomica, and D. Pustka. The authors were concerned about the 
stability of bridges abutments after great floods have affected many bridges during the 
years 1997-2002. The methodology of calculus is elaborated. Also parametric studies 
are developed. 
In their paper “Laser Surveying Methods in Engineering Geodesy”, [34], J. Vondrak, 
R. Machotka, and M. Svec are describing proposals for obtaining better accuracy when 
using lasers in distance measurements, especially for distances longer than 150 m. 
Diffraction methods are using in tests. Special mentions and developments are 
presented for inaccessible points. 
In the paper “Concretes with Utilization of Recycled Aggregates and Fibres in 
Transportation Engineering”, [36], V. Vytlačilová, is dealing with the mechanical-
physical properties of concrete with utilization of recycled crushed bricks as aggregates 
and with polypropylene fibers. These types of concrete are experimentally investigated. 
Promising results are shown hopping that recycling of construction materials could be 
done at a larger scale. 
Vasilica Beica from Romanian Centre for Road Engineering Studies and Informatics – 
CESTRIN and Mihai Dimonie from University “Politehnica” of Bucharest present the 
results obtained on the evaluation of various bituminous binders used in rehabilitation 
and modernization works, involving the SHRP/Superpave equipments and 
specifications in conjunction with the classical method in the paper “A Performance 
Grade Polymer – Modified Bitumen, According to SHRP Specifications” [7].  
Jiri Pokorny, Vladimir Dolezel, Josef Stryk and Karel Pospisil, from The Transport 
Research Institute of Czech Republic, are presenting their paper “Reliability and 
Durability of Concrete and Pre-stressed Concrete Bridges, Decision Making Process 
and Risks”, [27], describing the most frequently occurred failure causes within the 
realization, operation and reconstruction of the bridge structures, recommending some 
non-destructive test, frequently used in bridge diagnostics. 
Another distinguished specialist, Mihai Stasco presents in his paper, [30], the research 
work, undertaken during his doctoral study on the “Electrical Simulation of the 
Rheological Behavior of the Asphalt Mixes”. 
Seven papers, [5,8,14,17,18,31,35], are dealing with the research issues, undertaken, at 
Universidade do Minho, (http://www.eng.uminho.pt) in Portugal, under the guidance 
of a group of Portuguese Tutors, coordinated by Professor Paulo Pereira, by a group of 
MSc students involved in the Leonardo da Vinci, mobility project RO/2004/PL 
93209/S: “Students Vocational Training – Premise for an Integrated European 
Transport Infrastructure”. 
This project, initiated by “Gh. Asachi” Technical University of Iasi, has been 
conceived as a trans-national mobility action, having as main objective the placement, 
during the beginning of the year 2006, of six Romanian students from the mentioned 
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university to the Department of Civil Engineering/School of Engineering/ University of 
Minho, located in Guimarães, Portugal. The tasks envisaged for the Romanian students 
was to perform there a combined academic research and vocational training stage of 
five months, directly related with the subject of their diploma/master works. The 
papers are short extracts from their dissertation works (see the web-site: 
http://www.ce.tuiasi.ro/~ccf/events.html).  
Vlad Apreutesei, in his paper ”Repair and Strengthening Techniques for Masonry Arch 
Bridges”, [2], describes some of the techniques used in the process of strengthening 
damaged masonry arch bridges. The problems are very complex because existing 
bridges differ in structural materials, in construction age, in types and in condition 
rating. The most frequent bridge building materials have been stone, wood, reinforced 
concrete and steel. Existing stone bridges are centuries-old and many of them are 
historical buildings. Any repair has to take into account not only defects and damages 
identified, but also the main features of the bridge, the intervention costs and operation 
difficulties. 
Cristina-Emanuela Lanivschi presents her research results on “Numerical Analysis of 
Historical Construction”, [14], with practical application to the restoration of the Porto 
Cathedral in Portugal.  
Cristina-Lucia Lucache and Anca-Aura Gavrilitza are presented their work study, [15], 
concerning the behaviour and performance of some experimental road sector realized 
on the existing road network in their comprehensive paper ”Performance of the 
Experimental Road Pavement Sectors Realized with Asphalt Mixtures Sstabilized with 
Various Fibers and Improved Bitumen on National Road NR 17 Vatra Dornei- 
Suceava”. 
In the paper ”Model of a Flexible Road Pavement in Portugal”, [11], Andrei Gabriel 
Ionescu presents the works undertaken in the frame of “Leonardo da Vinci” Mobility 
Project: RO/2004/PL93209/S, at Universidade do Minho - Center for Civil 
Engineering, Highways Laboratory, under the coordination of Paulo Pereira, PhD, PE, 
Professor of Civil Engineering, tutored by Elisabete Freitas and Jorge Pais. This article 
presents the solving of one of the issues in this project: the modeling of an existent 
pavement with its pavement condition and bearing capacity. Further, under the same 
relevant tutoring of Elisabete Freitas, Irinel-Diana Vrancianu, presents the solving of 
one of the significant issues of her project: ”The Division of the Road Tested with 
FWD into Homogenous Sectors, Checking the Homogeneity and the Statistical 
Relevance of the Division – According to COST 336 Action Final Report”, [32]. 
Costel Cristian Botezatu in his paper “The Main Stages of Road Infrastructure 
Concessions in Portugal”, [5], refers to a portion of the new highway build in the Porto 
area. This road is part of the Concession Scut do Grande Porto that congregates a group 
of freeways and groups road associates in the area of Grande Porto, integrated in the 
National Road Plan, his work being undertaken in the frame of the same Leonardo 
mobility project RO/2004/PL93209/S realized at University of Minho from Portugal. 
Cosmin Daniel Tautu, in his paper “Expropriations for Highways Construction”, [28], 
concisely presents the topographical characteristics, edifices, cadastral, cultural and 
infra-structural, situations of urban occupation, industrial and commercial, and other 
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relevant situations that condition and influence the lands affected for the work. 
According his paper, the State (represented by the Portuguese Road Administration – 
EP) is responsible for doing and paying all the expropriations and has a six months 
term to finish all the expropriation process. 

3. CONCLUSIONS 

During the last four years Highway and Bridge Engineering has emerged as an 
important part of the Civil Engineering domain. This is proved by the four symposiums 
organized in Iasi, Romania [1-4] and also by the quality, quantity and diversity of 
papers published with those occasions. 
Meetings as “Actual Trends in Highway and Bridge Engineering 2006”, International 
Symposium are chances to offer opportunities for remembering forerunners and their 
great works as was the case of Professor Dimitrie I. Atanasiu. 
Highway and Bridge Engineering is a part of Civil Engineering that is becoming of 
particular interest because of its important and rising role for the human society. From 
the gained experience, some general important themes are: Accelerated Testing 
Methods and Techniques in Transportation Engineering; Structural and Geometric 
Design of Highways and Railways; Bridges Design; Highways and Bridges 
Construction Technologies; Maintenance, Rehabilitation and Reliability of Highways 
and Bridges; Construction, Maintenance and Rehabilitation of Airports; Static and 
Dynamic Analysis of Bridges; Long Term Monitoring of Pavement Performance; 
Management of Transportation Infrastructures; Mathematical Methods in 
Transportation Engineering. 
The significant number of contributed papers to sustain the Highway and Bridge 
Engineering [5-36] shows that this domain is an important factor for Civil Engineers, a 
platform for meeting, exchanging opinions and experience, a good opportunity to make 
the Civil Engineering community more adaptive and competitive. 
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Repair and strengthening techniques for masonry arch bridges 
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Summary 
The paper presents a summary of the work undertaken by the author in the frame 
of “Leonardo da Vinci” Student Mobility Program, Contract RO/2004/PL93209/S, 
at Universidade do Minho - Center for Civil Engineering, under the direct 
coordination of Paulo B. Lourenço, Associate Professor of Civil Engineering, 
Head of the Structural Research Group and tutored by Daniel Oliveira from the 
same department. 

There are described some of the techniques used in the process of strengthening 
damaged masonry arch bridges, presenting the identified defects and damages for 
which they apply, main features, economical issues and operation difficulties. 

 

KEYWORDS: arch bridges, rehabilitation, strengthening techniques, environment 
pollution. 

1. INTRODUCTION 

Virtually all the defects of the arch bridges can be repaired relatively easily. 
Practicalities regarding the execution of various repair techniques have been fairly 
widely documented, although the philosophy behind the application of some of the 
techniques has sometimes been somewhat dubious, perhaps resulting from a 
fundamental lack of understanding of the structure under consideration. 

Nowadays, a great variety of intervention techniques exists, of which it suits to 
distinguish, as for the materials:   

- Traditional techniques: they use materials and identical construction processes 
exclusively to the originals;   

- Techniques modern or innovative: they try to adapt more efficient solutions 
than the traditional ones through the use of materials and modern equipments;   

The choice among traditional or innovative solutions is controversial, but if with 
traditional techniques it is possible to obtain satisfactory solutions of the structural 
point of view, economic and constructive, its use should be preferred, not only for 
aesthetic and cultural reasons, but also for compatibility reasons between the new 
elements and the original ones. 
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Frequently it is not easy to repair the structural damages with the exclusive 
resource to a traditional solution, because no longer they are available original 
materials, as mortars or wood, because qualified labor doesn't exist ("artisans") for 
this type of constructive techniques, or still for economical reasons. The most 
frequent reason to go through modern techniques or innovations is related with the 
need of significant increases of resistance, that are only gotten with much more 
efficient materials than the original ones. However, whenever possible the 
"interventions in masonry should be made with masonry". 

Before the decision for the use of any repairing techniques or reinforcement is 
made, it is quite necessary to establish and to understand the causes of the found 
damage. On the other hand, it should be evaluated, the effect of the intervention 
about the behavior of the structure after intervention. 

2. IDENTIFICATION OF DEFECTS  

Identification of many of the defects affecting masonry bridges (spandrel wall 
bulging, bowing or detachment, gross abutment movement) is straightforward, 
visual inspection being sufficient. 

Abutment movement can be identified by the presence of a crack in the region of 
the crown, or by settlement of the parapet walls. Spandrel wall detachment can be 
identified by the presence of continuous longitudinal cracks in the arch barrel 
beneath the internal faces of the walls. Unfortunately, some other defects may be 
less evident. In this cases either partial dismantling of the structure, coring through 
sections of the structure or the use of NDT (on-Destructive-Testing) techniques 
will be required. This methods would prove impractical or expensive for the 
majority of bridges requiring assessment, but useful for assessing small numbers of 
important structures, or a sample of representative structures. 

3. STRENGTHENING TECHNIQUES 

3.1 Pressure pointing and grouting  
Pressure pointing and grouting is an economical strengthening technique, usually 
involving little traffic disruption. Grouting of the contained ground above and 
behind an arch can be a useful measure: with suitable receptive grounds (not high 
in clay or silt) and in the absence of complications such as drainage systems, the 
method is very effective and very economical.  
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It increases the assessment factor to 0.9 and improves the arch ring condition factor 
by filling cracks and voids in the extrados. Grout quantities can be hard to predict 
and considerable variation is to be expected.  

Figure 1 presents the operation of repointing the joints of a masonry bridge. 

 

Figure 1. Repointing of the joints 

3.2 Tie bars 
Tie bars, anchored as presented in Figure 2, are used to restrain further outward 
movement of spandrel walls. They consist of a bar passing through the full width 
of the bridge, with pattress plates at each end, generally secured by a nut and 
washer, to provide the restraint to the wall. If the arch ring requires strengthening at 
the same time a more common solution is to use a concrete saddle which will also 
relieve the spandrel wall of outward forces. 

One of the advantages of using tie bars is that they can be inserted with little or no 
disruption to overtraffic. However their effectiveness has never been scientifically 
proved and many engineers are worried that sections of the spandrel wall may 
fracture around the pattress plates or spreader beams, the walls then becoming 
potentially unstable. There is no real guidance as to suitable spacing for tie bars.  

In one of the cases studied there appeared to have been further movement of a 
spandrel wall since installation of the tie bars. Rusting of the exposed parts, in one 
case severe, was also found. The use of stainless steel bars could be considered, or 
the application of cathodic protection. 
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Figure 2. 

               a) Anchorage system;                                            b) Anchorage plates 

3.3 Rebuilding bulging spandrel/wing walls 
With sufficient road width or the acceptability of a road closure and with minor 
services present, the simple solution is to excavate behind the wall and rebuilt it 
conventionally. To back the wall with mass concrete is a possibility, but to do so 
creates a deep, stiff beam edge to the arch, inconsistent in structural action with 
that of the arch. 

 

    
Figure 3. Strengthening of the fill material used for reducing the pressure on the spandrel 

walls 

A more harmonious structural action results from incorporation of a reinforced 
earth system to support the fill, as presented in Figure 3. This prevents excessive 
pressure developing against the spandrel wall and the space between reinforced 
earth and back of wall is filled with single-size drainage material. 

 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 15 
 

 

3.4 Saddling 
A particularly common repair technique which has been used in the case of a wide 
variety of arch bridges exhibiting almost any sign of distress is that of saddling 
(Figure 4). The technique is used in response to the observation of cracks of 
virtually any kind. 

The merits are that with a rough existing extrados, composite structural thicknesses 
is increased, cracking is retained, historical widenings can be integrated, the saddle 
can carry a sprayed (ideally polyurethane) waterproofing membrane. 

Drawbacks are that the arch is too narrow to allow single line traffic to pass while 
the arch is treated, due to the deep excavation necessary. Occasionally, historically 
widened arches may retain the old original spandrel at low level: this can be used 
again to facilitate ¨half and half¨ strengthening. 

Saddles are typically 150-200mm thick, of relatively weak concrete and can, if 
judged necessary, be articulated to harmonise with the arch ring’s structural action, 
either by bands of transverse brickwork or an inert transverse Debonding lamina. 

 

 

 
Figure 4. Saddling the extrados of the arch with a layer of concrete 

 

Inclusion of fibers in the concrete has a merit: polypropylene fibers confer 
resistance to surface shrinkage cracking. Stainless steel fibers confer considerable 
strength and structural ability to unite arches and to bind cracks. 

Saddling clearly changes the fundamental nature of the bridge and as such may 
often cause more problems than were originally present (e.g. the lack of stress in 
the original arch after saddling could give rise to the hazard of falling masonry 
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blocks, additionally the ability of the arch to freely adjust to a changing 
environment is removed). 

3.5 Invert slabs 
An invert slab is a slab of concrete placed between the abutment walls or piers with 
its top surface at or below river bed level (older versions may be built of masonry). 
It helps to prevent scour. 

If incorrectly installed however, there is a risk of scour beneath the slab, 
particularly at its downstream end. 

3.6 Stitching longitudinal cracks 
This system is applicable where more extensive dismantling or saddling is very 
disruptive to traffic or economically impossible. 

Typically, alternate voussoir stones are cored laterally (30mm diameter) and the 
cores retained. A 30 mm hole is drilled normal to the spandrel and at mid-depth of 
the arch ring, to a length some 750mm beyond the crack to be tied. A practical 
maximum drilling length is about 12m. Installation of a CINTEC-type hollow 
stainless steel bar, with enclosing sock, takes place and the grout injected down the 
bar fills the sock, expanding it to key into all recesses. The CINTEC anchorage 
system is presented in Figure 5. 

 

 
Figure 5. CINTEC anchorage system 

The cracks are then pressure pointed and the ends of the stone cores reinserted to 
plug the holes at the face. 

3.7 Guniting of Soffit 
Guniting of soffit is a widely adopted technique, being non-disruptive to carried 
traffic and relatively economical. There are two principal drawbacks: firstly, the 
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structure may be a Listed Building or Ancient Monument, in which case the 
treatment would be visually unacceptable. Secondly, and of more significance for 
the future durability, is the failure of the method to address the most common cause 
of arch defects, water ingress from above. With time, this will detach the gunite 
skin from the arch barrel. 

 

3.8 Overslabbing 
At its simplest, overslabbing (Figure 6) consists merely of providing a load 
spreading slab to reduce local load intensity. It is of benefit to the barrel in that it 
allows the option of high-level waterproofing and it reduces lateral pressure on 
spandrel walls. 

 

 
Figure 6. Overslabbing 

 

3.9 Underpinning 
Underpinning involves excavating material from beneath the foundations and 
replacing with mass concrete. A sequence of work is followed to ensure that the 
stability of the existing. Structure is not compromised. The work is labour 
intensive. The cases studied appeared to have been successful. 
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3.10 Replacement of edge voussoirs 
Edge ring voussoirs are particularly prone to decomposition, due to their exposed 
position and the perpetual tendency for lateral load on spandrels to cause the face 
of the ring to detach. 

To replace edge stones, it is usually necessary to provide a band of soffit shuttering 
to support the whole ring. While it is possible to remove stones individually 
without support, considerable awkward cutting is finally necessary to achieve a 
good soffit profile and displacement of the masonry above can occur. 

3.11 Part reconstruction 
When arch ring damage is extensive, the only real resource is to rebuilt to a major 
extent. Construction is traditional in that it is necessary to build off centering, 
although several variations of constructional form have been adopted. 

These are essentially mass concrete rings with articulating bands. Articulation can 
be achieved, at springing and quarter span points, by hard plastic formers, by bands 
of lime-mortar joined masonry or by open-laid bands of brickwork. 

4. MAINTENANCE 

Routine maintenance consists of: 

1) keeping the road surface in a good condition to maintain the waterproofing 
and to minimize dynamic loading from traffic due to potholes etc. 
2) removing vegetation growing on the structure 
3) repairing small areas of deteriorated mortar. 

These three areas of maintenance involve modest expense compared with that 
which may result from neglect. 

5. CONCLUSIONS 

The problems arisen by bridge strengthening are very complex, because existing 
bridges differ in structural materials, in construction age, type and condition rating. 
The most frequent bridge building materials have been stone, wood, reinforced 
concrete and steel.  

The causes of defects are material aging, environment pollution, poor maintenance, 
wrong repair works, and changes of live loads because design loads did not include 
actual ones due to the different type of traffic. 
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Any repair has to take into account not only defects and damages identified, but 
also the main features of the bridge, the intervention costs and operation 
difficulties. 

Also, there are many stone bridges that are centuries-old and many of them are 
historical buildings, representing an important cultural inheritance. Therefore, their 
preservation is important, and the techniques used for their strengthening must be 
carefully chosen, to respond to both functional and structural demands and preserve 
their original characteristics. 
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Summary 
The paper presents the results of experimental researches made on cement road 
concretes with content of by-products and wastes. The mixes of road concrete were 
realized with aggregates type LIDONIT made from steel slag, with and without 
addition of silica fume (SUF) and with recycled aggregates obtained from the 
concrete demolition. The mechanical strengths of hardened concrete were 
determined. Best results were obtained for concretes with LIDONIT aggregates 
and the worst were obtained for silica fume concretes. 
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use the “Text“ style. 

1. INTRODUCTION 

Continuous increase in global prices of important raw materials have a negative 
impact on the economy and for that it is necessary to look for maximum possible 
savings in these raw materials. A lot of researches have been made for fully use all 
kinds of industrial by-products and wastes. In our country there are produced great 
amounts of waste materials as by-products of iron and steel production: blast-
furnace slag as by product of iron production and steel slag as by-product of steel 
production. Both kinds of slag are suitable for road building purposes. Steel slag 
has not been used for building purpose so far. Today this material is used in road 
building for bituminous mixtures for road pavement. In particular, this material 
could be suitable for wear layer for urban and rural roads. Using this material, the 
road safety should be increased. At Galati Ironwork Enterprise “Sidex” there are 
produced slag aggregates, called LIDONIT in different grain sizes. 

Another by-product is silica fume (SUF) resulted from the ferro-silicon 
manufacturing process. It contains 92%-98% silicon dioxide; it has spherical 
particles of 0.1-0.2 µm sizes; diameter is 0,10-0,15µm, density of 200-450 kg/m3 
and specific surface 15 000-22000 cm2/g. The color is light grey. 

The construction waste is another material used in the study. This type of waste can 
be reuse as a recycled aggregate in buildings or roads. Unfortunately there are not 
regulations considering qualification and standard requirements for recycled 
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aggregate and they were considered as any natural aggregate. The quality of 
recycled aggregate depends first of all on the class of original concrete.  

Concrete mixture can be produced using 100% slag or recycled aggregate as coarse 
aggregate or a mixture of slag/recycled and natural aggregate in proportion 1:1. 
Concrete mixture proportioning is the same as in the case of natural aggregates. 

2. EXPERIMENTAL PROGRAM 

For all types of concrete the same mixture was used: BcR 5. 

The slag aggregates type LIDONIT  were in fractions: 0-4, 4-8, 8-16 and 16-25 
mm. The steel slag has the following composition, Table 1. 

Table 1. Composition of slag from Sidex Galati 
Component,% CaO FeO SiO2 MnO MgO P2O5 Al2O3 
SIDEX 40 21 13 7 4 1 1 
 

Recycled aggregates were obtained by crushing old concrete laboratory specimens 
made of diatomite coarse aggregate. The specimen were initially crushed in 
hydraulic press and then screened on the sieve into fractions: 4-8, 8-16 and 16-25 
mm. 

The following mixture were studied: mixture BI (1) was only with slag aggregates 
type LIDONIT; mixture BII (2) was with natural sand fraction 0-4 mm and slag 
aggregate LIDONIT; mixture BIII (3) was with: river sand fraction 0-4 mm, coarse 
natural aggregate fraction 4-8 mm and slag aggregates LIDONIT; for compositions  
(4), (5), (6) and (7) the silica fume (SUF) was used as replacement of cement in 
different percentages; at mixture (8) the recycled aggregates were used for 
fractions 4-8, 8-16 and 16-25 mm, and to mixture (9) were used recycled 
aggregates and silica fume (SUF) in a dosage of 10% from the cement dosage as 
replacement. 

Cement used was type CEM I-42,5 R  (SREN 197-1: 2002) for road cement 
concrete. 

Silica fume (SUF) was used in the mixtures in different dosage: 15% (for mixture 
4), 25% (for mixture 5), 40% (for mixture 6) and 60% (for mixture 7), as 
replacement of cement. For mixture 7, quantity of SUF being big, a supplementary 
water quantity was added (50%) and for that the ratio water/cement is different, 
and results are influenced by this fact. 

In all mixtures of cement road concrete there was used admixture type Betoplast 
Super Plus (BSP) and type AEP, Table 2. For mixtures 6 and 7 additive quantity 
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were increased for improving he workability, even the water quantity was 
increased. 

Table 2. Road concrete mixture 
Aggregate 

(kg/mc) 
Cement 
dosage 

 

SUF Water 
l/mc 

Additive 
BSP 

 

Additive 
AEP 

 

Sample 

0-4 
mm 

4-8 
mm 

8-16 
mm 

16-25 
mm 

kg/mc kg/mc l/mc l/kg 
cement 

l/kg 
cement 

1.B I-R 656 443 443 386 360 - 144 2,6 1,0 
2.B II-R  656 443 443 386 360 - 144 2,6 1,0 
3.BIII-R 656 443 443 386 360 - 144 2,6 1,0 
4.BI-R 
with 15% 
SUF 

656 443 443 386 306 54 144 2,6 1,0 

5.BI-R 
with 
25%SUF 

656 443 443 386 270 90 144 2,6 1,0 

6.BI-R 
with 
40%SUF 

656 443 443 386 216 144 144 3,0 1,2 

7.BI-R 
with 
60%SUF 

656 443 443 386 144 216 210 3,2 1,4 

8.B IV-R 656 443 443 386 360 - 144 2,6 1,0 
9.B IV-R 
with 
10%SUF 

656 443 443 386 324 36 144 2,6 1,0 

 
The samples that were used for tests were prisms 150x150x600 mm. For each 
mixture were tested 3 samples. The samples after pouring were kept in standard 
conditions 29 days. The samples were subjected to tension by bending at 28 days 
and on the tested parts it was determined the compressive strength at 28 days. 

3. TEST RESULTS 

The cement road concrete that was analysed presents the following values of 
tensile by bending strengths Rti determined on prisms, loaded with two equal and 
symmetrical forces, according to [5]. On the prism parts the compressive strength 
was determined Rc (the cubes has the size 150 mm).The results are presented in 
Table 3. In the table the densities of concrete there are presented. 
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Table 3. Characteristics of road concrete 
Sample Density (kg/mc) Rti  (N/mm2) Rc (N/mm2) 

at 28 days 
1.BI-R 2788 6,5 26,80 
2.BII-R 2679 5,3 36,10 
3.BIII-R 2661 5,5 32,42 
4. BI-R  with 15%SUF 2748 4,93 24,88 
5. BI-R   with25%SUF 2732 2,66 18,67 
6. BI-R  with 40% SUF 2718 2,52 25,11 
7. BI-R  with 60% SUF 2702 3,07 16,27 
8. BIV-R 2370 5,12 26,80 
9. BIV-R with 10% 
SUF 

2358 4,97 27,70 

 

Graphical representation of strengths Rti (N/mm2) for each mixture is given in 
Figure 1. 
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Figure 1. Tensile strengths 

The bending tensile strength is satisfying the conditions given by  SR 183-1/1995 
[4], for BcR5 for all types of road concrete with slag aggregate LIDONIT and 
recycled concrete aggregates without silica fume (SUF), - mixtures (1), (2), (3) and 
(8)- (the minimum characteristic strength at 28 days must be 5 MPa).  

From the results it can observe that road concrete realized only with slag aggregate 
type LIDONIT , without silica fume, presents the biggest values of strengths. The 
use of crushed aggregate and natural sand will result in a decreasing of bending 
tensile strengths. 
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To the road concrete with silica fume it was observed a diminishing of strengths to 
bending, the value being under the minimum limit. An optimum dosage of silica 
fume is under 10% SUF. 

For road concrete with recycled aggregates the tensile strength is smaller than for 
classical road concrete with 10%, but ir respects the minimum value given by 
norms for grade BcR5. An addition of silica fume does not improve the strengths. 

4. CONCLUSIONS 

Slag aggregates type LIDONIT or recycled aggregates from demolition can be 
used for obtaining the road concrete. In the case of slag aggregates the concrete 
properties depend on the chemical composition of the slag. A long term 
examination of road behaviour can prove the use in road pavement. 

Performances of recycled aggregates road concrete depend on the strengths of 
recycled concrete, but also on the specifications related to mixture design and 
production. 
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Summary 
This paper present some results obtained on the evaluation of various bituminous 
binders used in rehabilitation, modernization and maintenance works, involving 
the SHRP/SUPERPAVE equipments and specifications, based on the performance 
criteria, in conjunction with the classical methods as those involving the thermal 
susceptibility, Fraass breaking point and chemical composition. The paper also 
includes recommendations concerning the improvement of the performance of 
these binders, by modification either with SBS or reactive polymers. 

 

KEYWORDS: bitumen, performance grade, SBS polymer, reactive polymer, shear 
module, stiffness module. 

1. INTRODUCTION 

Bitumen is a visco-elastic material; its mechanical properties are influenced by 
time and temperature. During the service ability period, changes occur in the 
bitumen chemical composition, which lead to changes in the rheological behavior. 
In normal exploitation conditions, the behavior of the bitumen may be satisfying 
but in severe conditions the bitumen may suffer permanent deformations or cracks 
due to fatigue. In order to cope with the modern requirements, respectively 
obtaining a high plasticity limit, the bitumen can be modified by polymer addition.  

Generally, polymers are used to modify bitumen for: 

- increase the strength to permanent deformations (ruts) [1-6] by increasing 
the stiffness of the bitumen or by intensifying the elastic behavior; 

- increase the strength to thermal and fatigue cracks [7]; 

- increase ageing and abrasion resistance; 

- increase durability of asphalt pavement surface [2, 8]. 
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Polyethylene, polypropylene, polystyrene and ethylene vinyl acetate copolymers 
are the main plastomers (synthetic polymers) studied for the modifying road 
binders; as for elastomers, the copolymers of styrene with butadiene are the best for 
modifying the bituminous binder [9]. These polymers are generally dispersed in the 
bitumen and if there isn’t a good compatibility bitumen–polymer, a phases 
agglomeration may appear. To eliminate the problems of separation which may 
appear relative to storage stability of polymers modified bitumen, Du Pont 
Company produces an ethylene copolymer, respectively ethylene glycidyl acrylate 
(EGA), with the commercial name Elvaloy AM, which reacts easily chemically 
with bitumen and eliminates the problems regarding the phase separation [10]. This 
copolymer improves the properties of asphalt mixture at high temperatures, 
permanent deformation strength, susceptibility at temperature and also improves 
the creep compliance.  

During the last decade, as in other European countries, the technical specifications 
regarding the road binders based on the performance criteria, elaborated within the 
American research program SHRP (Strategic Highway Research Program), 
produced a significant impact on the research directions as on the road technologies 
used in our country. 

It is a well known fact that the main mechanisms which lead to deterioration of 
bituminous pavement surface are:  

- permanent deformations and rutting phenomena at high exploitation 
temperatures, during summer time; 

- fatigue phenomena under cycling load due to traffic, at normal 
temperatures; 

- appearance of fissures on the road pavement surface at low 
exploitation temperatures, during winter time.  

The SHRP specifications are able to evidence these mechanisms, as they are 
applicable to original bitumens as for modified bitumens with reactive or inert 
polymers.  

Generally, most of the bituminous binders in initial state, regardless of their origin 
(made in /outside Romania) can’t be considered  proper for the high traffic roads. 
Consequently, specific research activities are initiated in our country, in order to 
improve the performance of bituminous binder requirements for the extremely 
severe climatic and traffic conditions specific to our national road network, using 
in this scope different polymers.  

For this purpose, the bituminous binders having the penetration class D60/80 and D 
80/100 have been modified with the SBS, respectively EGA polymers, evaluating 
their influence on the rheological characteristics and performance grade.  
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2. RESULTS AND DISCUSSIONS 

The bitumen is a complex material, with a different behavior depending on 
temperature and time of loading (cyclic loads). At a high temperature and under 
long time loading bitumen behaves like a viscous liquid and flows (the response is 
instantaneous, without phase delay) but at low temperature and under short time 
loading, the bitumen behaves like an elastic solid (the response versus the loading 
is delayed with a 90° angle). At a corresponding temperature for service of most 
bituminous pavements under traffic, the bitumen behaves like a visco-elastic 
material, the delay between load and response is δ, from 0 to 90 o. 

Usually, up to their consistence, the road bitumens are divided in penetration 
classes (40/60, 60/80, 80/100). Since this classification isn’t completely reflecting 
the viscous-elastic behavior of bituminous binder, a new classification 
methodology was established within SHRP, the performance grade (P.G.), 
depending on the maximum and minimum designed temperature for the road 
structures, considered as representative temperatures, as follows: 

T max – the maximum designed temperature – represents the maximum average 
temperature measured in 7 days consecutively inside the road pavement, during the 
summer; 

T min - the minimum designed temperature – represents the lowest temperature 
measured on the surface of the pavement, during the winter; 

Example: PG: 64 - 28/the first number indicates the maximum temperature and the 
second indicate the lowest temperature at which the binder corresponds to the 
requirements taken into account during the design phase.  

The parameters used for establishing the performance grade are: complex shear 
module G*, phase angle δ, stiffness module S and the slope m. 

Two shapes of G* and δ have been used [11]: 

- the ratio G*/sin δ which characterizes the behavior of bitumen at high 
temperature and may be used to evaluate the permanent deformations;  

- the product G*sin δ which characterizes the behavior of bitumen at 
intermediate temperature and may be used to evaluate the fatigue 
cracking;  

According with SHRP specifications [11]: 

- the value G*/sin δ must be greater than 1,0 KPa for original bitumen 
and 2,2 KPa for aged bitumen; for a good resistance to permanent 
deformation, it is advisable that the value G*/sin δ to be as large as 
possible (G* large values and sin δ small values); 
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- the value G*sin δ must be smaller than 5000 KPa. To ensure good 
fatigue strength to cracking, the bitumen should behave like an elastic 
material. The 5000 KPa value is established because both the viscous 
and elastic parts may become too high and the bitumen would no 
longer be able to effectively resist to fatigue cracking; 

- the value of the stiffness module must be max. 300 MPa. If the 
stiffness is too large, the bitumen behaves like a fragile material, at low 
temperatures cracking may appear. At low temperatures the values of 
stiffness module range are between 30 MPa and 300 MPa, so at the 
imposed value, 300 MPa the cracking phenomena is prevented. 

- the slope m must have large values because at temperature changes 
and thermal efforts accumulation, the stiffness are changing relatively 
quickly and the bitumen may dissipate the efforts, such the cracking 
phenomena is avoided; SHRP specifies a minimum value of m at 0.3. 

The values of the shear module and phase angle are determined for a temperature 
range between 46°…81°C and the values to the stiffness module and the slope 
between -6°…–40°C; the performance grade represents the corresponding 
temperatures at which the parameters simultaneously equals the imposed values. In 
the case of negative temperatures, -10°C must be added to the test temperature 
when the imposed value is reached. The corresponding temperature which fulfills 
the previously specified requirements varies, regardless of the type of the bitumen 
(bitumen in initial state or modified). 

In the present paper, binders with penetration class D 60/80 and D 80/100 (made 
in/outside Romania) are divided on their performance grade according to SHRP 
methods (Table 1), with the aid of previously mentioned parameters. The Fraass 
breaking point (the minimum temperature corresponding to appearance of cracks 
for a thin bitumen film in bending) is compared to the temperature corresponding 
to the maximum value of stiffness module of 300 MPa.  

The temperatures from Table 1 represent the testing temperatures at which the 
values of the determined parameters correspond to the technical conditions 
imposed by SHRP specifications.  

From the analysis of data specified in the Table 1 it results that some of the local 
binders (B), or imported (C) are divided in performance grade totally inadequate to 
the specific conditions to the public road network in our country. The studied 
binders show extremely low performance at negative temperature, results obtained 
with the SHRP tests (results in bending for B and C sample) and for the classical 
tests (Fraas).At high temperatures similar results are obtained. The penetration 
index PI reveals that the analyzed samples show significant thermal susceptibility 
at positive temperatures during the hot season. 
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Table 1: Evaluation of performance grade for indigenous (A, B) or imported (C) bitumen 
used in the road field 

Source: Technical 
Condition 

A B C 

Bitumen type  D60/80 D80/100 D60/80 D80/100 D60/80 
Performance grade:  PG X-Y  58 - 34 58 - 34 58 -16 52 - 16 58 -22 
Breaking point Fraass,  (°C) max.-13 -23.7 - 24.1 - 16.5 - 15.1 - 10.1 
Shear on  original bitumen        
Temperature ,                 (°C) X 58 58 58 58 58 
Ratio G*/sinδ,                (kPa) min.1.0 1.6 2.1 1.7 1.2 1.9 

Shear on RTFOT1 aged bitumen 
Temperature,                   (°C) X 64 64 58 52 58 
Ratio G*/sinδ,                 (kPa) min.2.2 3.98 2.4 3.5 5.1 3.7 

Shear on PAV2 aged bitumen  to 100°C 
Temperature,                     (°C) - 19 13 22 19 22 
Product G*x sinδ,            (kPa) max.5.000 1817.6 2271.1 4028.8 4793.1 4423.1 

Bending on PAV aged bitumen  to 100°C 
Temperature ,                  (°C) -Y - 24 -24 -6 - 6 -12 
Stiffness modulus  S,       (MPa) max.300 181.96 161.13 108.3 101.2 287.1 
Slope  m  min.0.3 0.322 0.340 0.315 0.325 0.307 
Penetration index IP, on  
original bitumen 

-1<IP<+1 -0.83 -1.4 -0.98 -1.79 -1.75 

Chemical composition (IATROSCAN)  (%) 
Saturates  5…20 13.9 16.0 8.9 9.48 3.8 
Aromatics 40…60 31.1 27.4 39.4 41.8 52.9 
Resins  33…36 36.1 36.1 36.8 36.5 27.6 
Asphaltenes 5…25 19.7 20.5 14.9 12.2 15.7 
Coloidal instability index,  Ic max. 0.5 0.5 0.57 0.31 0.28 0.24 

1 – rolling thin film oven test; 2- pressure aging vessel 
 

The penetration index PI is a measure of susceptibility of bitumen on temperature; 
the negative or positive values of PI indicate susceptibility at positive or 
respectively negative temperatures [9]. The practice shows that binders having PI 
values in the range of –1.0 <PI<+0.7 ensure a satisfying behavior of asphalt 
mixtures in exploitation.  

In order to improve the qualities of these binders and getting them to the desired 
performance grade, researches were initiated regarding the use of different 
modifiers.  

For improving the qualities of bitumen in initial state for the climate conditions in 
our country the modifiers should fulfill more conditions: improve the performances 
at high and low temperatures, ensure the stability of binder-modifier mixture 
during its stocking and preparation of the asphalt mixture. 
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For this purpose polymer SBS, respectively reactive polymer EGA – Elvaloy AM 
were used. The polymer was added as grains/powder in the preheated bitumen 
mass (175° - 180°C); the mass is continuously mixed with a speed to 250 
rotations/min for 2,5 hours. In the case of SBS the modification was evidenced by 
recording the IR spectra (Fig. 1) of original and modified bitumen (the absorption 
strip corresponding to the 965± 5 nm wavelength and a vibration of =C-H bond 
outside the plane of 1,4 trans butadiene in SBS, the missing strip in the unmodified 
binder) and also by fluorescent microscopy, evaluating the polymer dispersion 
degree within the bitumen (Fig. 2).  

 
Fig. 1 – IR spectra of the bitumen in initial state (2) and SBS polymer modified bitumen (1) 

Notice that in the case of bitumen having an increased aromatic content (B), and 
accordingly a lower colloidal stability index (increased bitumen-polymer 
compatibility), the dispersion of the polymer within the bitumen is better          
(Fig. 2, b). 

       
(a)                                                                      (b) 

Fig.2 –Bitumen A 60/80 (a) and bitumen B 60/80 (b) modified with SBS polymer 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 31 
 

 
The evaluation of performance grade of SBS and Elvaloy AM modified bitumens 
is shown in Tables 2, 3. 

 

Table 2: Evaluation of performance grade for indigenous bitumen A and modified with 
SBS polymer B bitumens 

Source 
Bitumen type 

Technical 
Condition 

A 
D 60/80 

A 
D 80/100 

B 
D 60/80 

SBS polymer content  +4% +5% +4% +4% 
Performance grade, PG X-Y  76-34 76-34 76-34 70-28 
Breaking point Fraass,        (°C) - -24 -24 -24 -18 
Shear on original bitumen  
Temperature (1),                     (°C) X 76 76 76 70 
Ratio G*/sinδ,                  (kPa) min. 1 1.47 1.50 1.30 2 

Shear on RTFOT aged bitumen 
Temperature(1),                      (°C) X 76 76 76 70 
Ratio G*/sinδ,                      (kPa) min.2.2 2.8 3.4 2.50 4.3 

Shear on PAV aged bitumen to 100°C 
Temperature(1),                      (°C) - 13 13 13 19 
Product G*x sinδ,                 kPa) max.5000 3769 2843 3425 4800 

Bending on PAV aged bitumen to 100°C  
Temperature (1) ,                    (°C) Y -24 -24 -24 -18 
Stiffness modulus S,           (MPa) max.300 178 121 168 280 
Slope m min.0.3 0.367 0.367 0.300 0.320 

(1) Temperature of testing for reached corresponding value of impose technical condition.  

On the basis of the results shown in Table 2 it is observed that the temperature at 
which the corresponding technical SHRP parameters are fulfilled is improved by 
using SBS polymer. For the bitumen sample at initial state the ratio G*/sinδ (the 
elastic component) reaches the imposed value at 58oC; in the case of modified 
bitumen, the corresponding temperature for reaching the imposed value is 76°C for 
A bitumen and 70°C for B bitumen; the performance grade at higher temperature 
increases for all the bitumen types (from PG 58 to PG 76, in the case of A bitumen 
and from PG 58 to PG 70 in the case of B bitumen) (Fig.3 and 4). In the case of 
SBS polymer modified bitumen its behavior improves at high temperatures, the 
elastic component improves the strength to permanent deformations. By 
modification with polymer the viscous component, G*sin δ, increase for a given 
temperature, this meaning a lower fatigue strength. Regarding the behavior at low 
temperature, the Fraas breaking point is improved in the case of indigenous 
bitumen B (from –16.5°C to -18°C) and practically remains constant for the A 
bitumen (-24°C). This fact is correlated to the results obtained from bending, the 
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temperature corresponding to the SHRP imposed value of stiffness module is -
18°C in the case of B bitumen, and -24°C for A bitumen. So, adding the polymer 
improves also the performance grade at low temperature in the case of B bitumen 
(from PG -16 to PG -28).  

Even though the modification with polymer does not improve the performance 
grade at low temperature for all the studied bitumens, the SBS modified bitumen 
versus the original one show a lower stiffness; the polymer improves the relaxation 
of bitumen under effort.  
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Fig.3 – Original and modified indigenous bitumen type A60/80. Performance grade to high 
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Fig.4 – Original and modified indigenous bitumens type A80/100. Performance grade to 

high temperature 
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From the results shown in Table 3, we notice that using reactive polymers for 
modifying the bitumen at initial state gives the advantage of a simpler technology; 
this implies a smaller polymer content (1…2;%); the polymer reacts with 
asphaltene from the bitumen at initial state and the result is a stable combination, 
bringing the bitumen to the desired performance grade and also improving the 
thermal susceptibility (improved penetration index). 

 

Table 3: Evaluation of the performance grade for indigenous bitumen A/B and imported 
bitumen C modified with reactive polymer Elvaloy AM 

Source 
Bitumen type 

Technical 
condition 

A 
D 60/80 

A 
D 80/100 

C 
D 50/70 

Reactive polymer content   1.5 % 2 % 1.5 % 1.75% 1.5% 
Performance grade: PG X-Y  64-34 64-34 76 -34 64 -34 64 -22 
Breaking point Fraass,  (°C) - -27 -27.5 - 28 - 29 - 17.3 

Shear on original bitumen 

Temperature (1),              (°C) X 64 64 76 64 64 
Ratio G*/sinδ,                (kPa) min.1.0 1.7 1.8 1.2 1.9 1.2 

Shear on RTFOT aged bitumen 
Change of mass,              (%) - 0.186 0.148 0.242 0.236 + 0.112 
Temperature (1),               (°C) X 64 64 76 70 64 
Ratio  G*/ sinδ,                (kPa) min.2.2 4.3 4.5 4.0 3.7 2.4 

Shear on PAV aged bitumen to 100°C 
Temperature (1),                 (°C) - 13 13 19 16 19 

Source 
Bitumen type 

Technical 
condition 

A 
D 60/80 

A 
D 80/100 

C 
D 50/70 

Product G*x sinδ,              (kPa) max.5.000 3530 3363 2156.4 2156.4 4546.9 
Bending on PAV aged bitumen to 100°C 

Temperature (1),                  (°C) -Y -24 -24 -30 -24 -12 
Stiffness modulus S,         (Mpa) max.300 236.5 243.3 288.5 137.5 299.0 
Slope m min.0.3 0.361 0.326 0.347 0.381 0.304 
Penetration index PI,  original 
bitumen 

-1<PI<+1 +0.3 -0.42 + 0.57 -0.62 -0.2 

Chemical composition (IATROSCAN)  (%) 
Saturates 5…20   8.3 21.8 3.5 
Aromatics 40…60   37.0 19.2 52.1 
Resin  33…36   26.2 30.6 27.7 
Asphaltene 5…25   28.5 28.4 16.6 
Coloidal instability index, Ic max.0.5   0.6 0.94 0.25 

(1) – Temperature of testing for reached corresponding value of imposed technical condition.  
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Modified bitumen with reactive polymer shows smaller values of ratio G*/sinδ 
corresponding to SHRP method, at higher temperatures than those corresponding 
to bitumen at initial state, this leads to improvement of performance grade at 
positive temperatures from PG: 58 to PG: 64 and PG: 70, in the case of indigenous 
bitumen, respectively from PG: 58 to PG: 64, in the case of imported bitumen. This 
classification shows that the bitumens modified with reactive polymer EGA versus 
bitumens in initial state, have a better strength to permanent deformations.  

Even if Fraass breaking point is improved by adding the reactive polymer EGA 
(from -24°C to -27°C/-29°C, in the case of indigenous bitumen and from      -10°C 
to -17°C, in the case of imported bitumen), the temperature for SHRP, the 
corresponding values of stiffness module, and the slope m remain the same in the 
conditions of an unimproved performance grade (PG: -34 for indigenous bitumen 
and PG: -22 for import bitumen). Even more, the stiffness module recorded at the 
classification temperature shows higher values for the modified bitumen, so the 
EGA reactive polymer shows a lower ability of improving the relaxation of 
bitumen under effort, in comparison to the SBS polymer.  

 
 
 
 

3. CONCLUSIONS 

SHRP specifications based on the rheologic parameters (parameters completely 
reflecting the viscous-elastic behavior of bitumen) determined for the climate and 
traffic conditions in our country, proved to be a very important instrument in the 
evaluation of the performances of indigenous and import bitumens and also in 
quantifying the effect of different techniques for improving their quality.  

SHRP tests on unmodified and modified bitumen prove the increase of 
performance in the case of bitumen modification with polymer.  

Bitumen modified with SBS and EGA polymer show improvement of the 
performance grade at high temperature, leading to a better strength to permanent 
deformations. Depending on the type of the bitumen base, these polymers also 
improve the performance grade at low temperature.  

Use of bitumen modified with reactive polymer, compatible to all studied bitumen 
types implies simplified technology and reduced production cost. 

The adequate bitumen, with the required performance grade, may be selected 
according to the different climate and traffic conditions in our country. 
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Summary 
The present paper presents the work undertaken by the author in the frame of 
“Leonardo da Vinci” Student Mobility Program, Contract RO/2004/PL93209/S, at 
Universidade do Minho - Center for Civil Engineering, Highways Laboratory, 
under the direct coordination of Professor Paulo Pereira, PhD, PE, Head of 
Pavements Research Group, and tutored by Joel Oliveira and Hugo Silva, from the 
same department. 

The article refers to a portion of the new highway build in the Porto area. This 
road is part of the Concession Scut do Grande Porto that congregates a group of 
freeways and groups road associates in the area of Grande Porto, integrated in the 
National Road Plan.  
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1. INTRODUCTION 

This article refers to a portion of the new highway build in the Porto area. This 
road is part of the Concession Scut do Grande Porto that congregates a group of 
freeways and groups road associates in the area of Grande Porto, integrated in the 
National Road Plan, with the identification reference in the location inserted in 
Figure 1. 

 
Figure 1. Highway preview 
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Some of the roads that constitute the Concession are already in service and they 
will be object of increase of the number of lanes, these being [1]: 

- IC25 – Paços de Ferreira/Nó da EN106, with the approximate extension of 
6.3 km; 

- IP4 – Nó da Sendim, with the approximate extension of 1 km; 
- IC24 – Freixieiro/Airport, with the approximate extension of 4 km; 
- IC24 – Airport/Nó da Maia (IP1), with the approximate extension of 3 km; 
- IC24 – Nó da Maia (IP1)/Alfena, with the approximate extension of 2 km. 

The remaining ones, to build from ground, integrate the following sub-sectors: 

- IP4 – Sendim/Águas Santas, with the approximate extension of 8.7 km; 
- VRI – Knot of the Airport (IC24)/IP4, with the approximate extension of 

3.5 km; 
- IC24 - Alfena/Nó da Ermida (IC25), with the approximate extension of 9 

km; 
- IC25 - Nó da Ermida (IC24)/Paços de Ferreira, with the approximate 

extension of 10.1 km; 
- IC25 - Nó da EN106/Nó da IP9, with the approximate extension of 9 km; 
- EN 207 - Knot of IP9/Felgueiras (EN 101). 

Of the group of freeways to conceive and to build, the passage of IP4 among 
Sendim (Nó da Sendim) and Águas Santas (in the divergence among the freeways 
A3 and A4) it will work as a ring road for the urban area of Porto, complementing 
the distribution of traffic today effectuated for VCI, Circumvallation and IC24. 

In the intermediate area of the sector of IP4, starting from the knot established with 
EN 13 (designated Via Norte); IP4 can distribute traffic for south, in direction to 
Porto, and for north in direction to Maia. 

This sector of IP4 is subdivided in two sub-sectors designated for: 

- IP4 - Sendim/Via Norte and 
- IP4 - Via Norte/Águas Santas, 

The last one was visited through a period of four months, being the object of the 
present study project. 

In agreement with the available elements of traffic it was considered already, in the 
contest phase and in the negotiation phase for attribution of the Concession, the 
adoption of a profile with four roads in each sense. 

In the terms of the Contract of Concession it is foreseen in the year of 2006 the 
entrance in service of IP4 with a profile of 2 x 3 roads (with a separation of 7.60 m) 
occupying a total platform 36.60 m. 

In 2015, in agreement with the same contract, be introduced then more two roads in 
the interior area, making a profile of 2 x 4 roads, being reduced the sifter to 0.60 m 
of width, however, the total width of the platform stays in 36.60 m. 
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The temporal macro objectives established are the fallowing: 

• Project Phase Concluded: December 2004 
• Expropriation Phase concluded: December 2004 
• Construction start: November 2003 
• Construction deadline: September 2006 

Negotiation volume of ACE with the Concessionaire was fixed at 545.26 millions 
of euros (Project, Construction, traffic counting equipment, expenses and 
coordination) for a total length of the constructed highway of 55.6 km. 

2. CONCESSION MODEL (PORTUSCALE ORGANIZATION) 

The main entities involved in the concession process will be presented in this first 
part of the article, as well as their contractual relationships and obligations. In 
Portugal, the Portuguese State, represented by the EP – Estradas de Portugal 
(Portuguese Road Administration), is the entity which attributes the concessions 
through its Department of Concessions. 

The entities, to which the concessions have been given, are called Concessionaires. 
In Portugal, four of these entities are the following:  

i) AENOR – for the Northern concessions;  

ii) LUSOSCUT CP – for Costa de Prata concessions;  

iii) LUSOSCUT BLA – for Beira Litoral e Alta concessions; 

iv) LUSOSCUT GP – for Grande Porto concessions. These types of 
concessionaires have, as associated members, several Construction 
Companies and some Banks, which finance the construction. 

The contractors (ACE) are the entities responsible for the execution of the Project 
and Construction of the Highways. The contractors of the Concessionaires 
previously described are these ones:  

i) NORACE – for the Northern concessions;  

ii) VIANOR – for Costa de Prata concessions;  

iii) LUSITÂNIA – for Beira Litoral e Alta concessions; 

iv) PORTUSCALE – for Grande Porto concessions (used as an example 
in this project report). All these four entities have construction 
companies as associated partners. 

The construction companies associated with the ACE are called Subcontractors and 
are responsible for the constructions of the concession’s several roads. The ACE 
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Designers are the entities responsible for the conception and elaboration of the 
project for the highways construction. 

In this concession model, the road administration (in this case EP) gives a 
Concession Contract (CC) to the Concessionaire to regulate their relationships 
(rights and duties), which can be divided into three sub-contracts with the 
following objectives:  

i) conception, design and construction of the highway; 

ii) financial support of the construction; iii) maintenance and exploitation 
of the conceded highways. 

This concession model is commonly used when the government (in this case, the 
Portuguese Road Administration) does not want to use directly huge amounts of 
money to support financially the construction of a new highway. Thus, the State 
gives the highway in concession for a certain period (in this case, thirty years). 
During this period, the Concessionaires have the duty of maintaining the highways 
at a good service level and the benefits of the road exploitation (by receiving 
money for each car which goes by on the conceded highway, paid directly by the 
road users – Highway toll – or by the Portuguese State – SCUTS). 

The Project and Construction Contract (PCC) regulates the relationship between 
the Concessionaire (e.g. LUSOSCUT GP) and the ACE (e.g. PORTUSCALE) and 
it has as objective the conception, design and construction of the highway by 
PORTUSCALE in a fixed and global price system, before a certain deadline of 
conclusion. This contract represents an integral Back to Back of the concessionaire 
obligations before the State, concerning the conception, project and execution of 
the highway. This contract is a part of the Concession Contract. 

The conception and project contract between PORTUSCALE and Designers has as 
objective the elaboration of the required projects to start building the highway. The 
relationships between PORTUSCALE and the companies responsible for the 
highway conception and design (Coordinators, Verifiers and Designers) are 
regulated by the project contract. 

The sub-contractors’ objective is the execution and conclusion of all the 
construction works for the several highway sections. The sub-contract agreement 
controls the relationship between PORTUSCALE and Subcontractors, thus being 
an entire Back to Back of the PORTUSCALE obligations before the concessionaire 
and, consequently, before the State, concerning the construction of the different 
highway sections.  

The sub-contractor has the responsibility of constructing the highway sections in 
conformity to the project and before the established deadlines, always by following 
strictly the safety and environmental rules. 
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PORTUSCALE (ACE) duties are: the coordination of the different agents of the 
constructing process, to assure the reliability of the projects, procedures and 
inspections. PORTUSCALE activity consists of the design and execution phases, 
which are included in the PCC (Project and Construction Contract) and are planed 
out in the construction programme. This is also named Studies and Projects Plan 
(in Portuguese, Plano de Estudos e Projectos – PEP) and it discriminates the 
duration of the construction and design phases. 

The concessionaire assures convenient relationships with the road administration 
(EP) and the financing Banks, being an intermediary and advocate of the ACE’s 
(Portuscale) rights near them. They assume the position of Owner of the Works. 
The road administration (EP) has the responsibility of carrying out the 
expropriations and giving approval to all the necessary studies and projects to the 
concession. 

The concession phases (design, construction and exploitation) are integrant parts of 
the CC (Concession Contract) and comprise: 

• the Construction Programme, which encloses the studies and projects, 
expropriations and execution of the road works; 

• the Programme of Major Maintenance and Enlargements, which also 
encloses the respective project. 

3. DESIGN PHASES 

Essentially, a project is formed by a specific number of volumes, presented in 
Table 1 - Each of them has a descriptive memoir and drawings with specific details 
for each type of work. A RECAPE (in Portuguese, Relatório de Conformidade 
Ambiental do Projecto de Execução), which is a report about the environmental 
conformity of the execution project, must be attached to the end. 

Table1. Contents of a project 
Volume Name of the volume 

1 Synthesis 
2 Introduction and survey approval 
3 Geological and Geotechnical studies 
4 General lay-out 
5 Junctions 
6 Re-establishments, utilities and parallel roads 
7 Drainage 
8 Pavement 
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Table1(continued). Contents of a project  
Volume Name of the volume 

9 Landscape integration 
10 Safety equipments 
11 Signalling 
12 Counting and classification of traffic equipment and closed TV circuit 
13 Telecommunications 
14 Lighting 
15 Fences 
16 Affected services 
17 Normal concrete works (passageways over and under highways) 
18 Special concrete works (viaducts and long bridges) 
19 Other projects 
20 Expropriations 
21 Project with measures to reduce the impact on environment 
22 Assistance and maintenance centre  
23 Service and station areas  
24 Tunnels 

 

The relationship between the main entities involved in the project is presented in 
Figure 2: 

 Executive commission

Project Management Contractors

Project Coordination

Designers Verifiers  
Figure 2. Organization of the main entities involved in the project phase 

The beginning of the construction depends on the design phase, concerning three 
fundamental points: 

• delivery/approval of the expropriations project to begin the expropriations 
process, of the responsibility of EP, which should be carried out within a 
period of 6 months;  



42 C-C. Botezatu  

• delivery/approval of the complete projects of the affected services 
reestablishment, to allow the contract with the several entities (responsible 
for the services) on time and their immediate removal at the beginning of 
the construction works; 

• delivery/approval of the execution project or, at least, the necessary designs 
for the first construction works. 

The expropriation project is carried out by PORTUSCALE (by proposing an 
amount of money for the expropriated lands), but it is essential that EP (the State) 
approves the expropriations project and carries out the expropriations (by paying 
the money to the land owners). After the EP approval of the expropriation project, 
there is a period of 6 months to complete these expropriations.  

If an owner does not accept the offer of the State, the land can be taken out, 
according to a law which declares that if a highway is of national interest, the land 
needed to construct that highway can be taken out immediately. When an inhabited 
house is in the land, the expropriation can only be carried out after the habitants 
leave their house, after mutual agreement between owners/habitants and EP, 
concerning the value of the land and the house. Sometimes, the decision about the 
expropriation can be taken in court of law, thus extending the period of 
expropriation more than 1 year. If the inhabited house is rented, the habitants can 
be compensated with money or with a new house. The decision about the 
compensation can also be taken in court of law, which will send an evacuation 
order after the final verdict.  

Works usually begin before the expropriation phase ends without the possibility of 
demolishing the houses or closing some road accesses, thus harming the normal 
execution of the highway construction. In this case, if the works’ deadline is 
exceeded by expropriation causes, PORTUSCALE is compensated by the State, 
concerning these delays (e.g. by extending the exploitation period). 

The affected services are mainly formed by: gas pipes, water pipes, electricity 
cables, telecommunications and sanitation. All the projects of the affected services’ 
reestablishment are carried out by Portuscale design companies. The 
telecommunications and electricity works are done by the companies responsible 
for those services, which are paid afterwards by the LUSOSCUT GP 
concessionaire. The gas, water and sanitation works are performed by the sub-
contractor companies which work for Portuscale.  

Basically, concerning affected services, PORTUSCALE has the role of mediator, 
by trying to solve the problems with the several companies, by offering the services 
as quickly as possible (to avoid delays at the construction work) and by asking the 
fair prices for the works.  

The affected services’ main stages are the following:  
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i) 1st phase (between the conclusion of the preliminary study and the 
beginning of the geometrical lay-out) – Seeking information about the 
services in entities and companies; 

ii) 2nd phase (at the beginning of the execution project) – Emission of the 
project of the services cadastre;  

iii) 3rd phase (until the end of the execution project) – Emission of the 
project of the services relocation. 

4. CONSTRUCTION PHASES 

The organization of the construction processes is coordinated by the Postuscale’s 
construction administration, whose main objective is to guarantee the execution of 
the construction works before the deadline, with the requested quality and as 
estimated in the budget [2]. 

The Postuscale activity during the construction phase consists, fundamentally, in 
the achievement of the following objectives:  

• to guarantee the accomplishment of the contractual deadline through an 
adequate Planning of the Construction and by following the work evolution; 

• to guarantee a final product with the requested quality through inspections 
and tests and through adequate solutions to the non-conformity situations; 

• to control and to process the work invoices to the sub-contractors and to the 
concessionaire; 

• to guarantee hygiene and safety conditions at the work place;  
• to follow the environmental and archaeological occurrences at the highway 

work without affecting the normal work evolution;  
• to guarantee the correct management of the insurance policy.  

Concerning the planning of the Highway construction, the contractor must emit and 
submit to Portuscale an Initial Work Plan until the 30th day after the reception of 
the execution project (with the limit of 10 days before the consignation). Once 
approved, this work plan becomes the base document of the construction. The 
initial work plan is constituted by:  

i) descriptive and explanatory memory;  

ii) work programme with physical and financial chronological diagrams;  

iii) charts of equipment needs and labour force;  

iv) project of the work yard and plans of accesses, circulation and 
signalling;  

v) organisational diagram;  
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vi) expropriations chronological diagram.  
 

The Portuscale has two procedures to follow-up the construction work, namely 
Actualizations of the Work Programme (performed monthly) and Revisions of the 
Work Programme (performed every three months).  

Concerning the Actualizations of the Work Programme, the sub-contractor must 
schedule the initial work programme monthly and submit it to Portuscale until the 
10th day of each month, with the analyses which justify the work delays and the 
respective measures to recover the lost time. These Actualizations must always 
show the initial work plan or the last approved revision of the plan, registered as 
"Baseline", by underlining the essential sequence of procedures. 

Concerning the Revisions of the Work Programme, it must be revaluated every 
three months or every time Portuscale considers it is necessary. The sub-contractor 
must submit the Reviewed Work Programme 30 days after it has been required by 
Portuscale. Those Revisions must explain the work delays and the respective 
measures and deadlines to recover the lost time, with the indication of the 
necessary equipment and the labour force reinforcements to respect the work 
deadline established in the initial contract. The essential sequence of procedures 
must be underlined. 

To allow the weekly planning of Portuscale activities and the appropriate 
monitoring of works, the sub-contractors are requested to submit to ACE a 
fortnightly work programme, which contains information about the current or new 
work fronts within the analysed period, the stop points (for Quality Control and 
Health and Safety Assessment) and all the necessary interventions, regarding the 
Affected Services. The Work Programme for the next fortnightly period must be 
submitted fortnightly, by the Sub-contractor to the Portuscale, until the penultimate 
working day of every week, with the indication of the active work fronts, in order 
to allow the coordination of the activity of the several work agents. 

In order to avoid eventual delays in the beginning of works, it is necessary to 
guarantee the delivery of several documents among the different parts involved in 
the construction of the Highway concession (Lusoscut GP, Portuscale and Sub-
contractors). Portuscale assumes the commitment of delivering the group of 
documents presented in Table 2 to the Sub-contractor at the consignment date (this 
is independent from previous deliveries of the same documents in other phases of 
the process).  

The preparation, compilation and approval of the documents, presented in Table 2, 
imply the intervention of other entities and documents, such as those presented in 
Table 3, which the Sub-contractor must deliver to Portuscale. 
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Table 2. Documents emitted by Portuscale and submitted to the Sub-Contractor  
Documents Time limit 

Approved execution project Undefined 
Models for the emission of the measurement reports, listing 
the articles and unitary costs settled with the Sub-contractors Undefined 

Sub-contractor’s quality manual  Undefined 
The verification of the supporting polygonal (road line)  Undefined 
The verification of the expropriations polygonal (area)  Undefined 
Health and Safety Plan Undefined 
CD with the Work Quality Manual, sub-contract agreement 
and contract of project and construction  Undefined 

Application of laboratorial management – Highways Undefined 
 

The documents to be delivered by the Concessionaire (Lusoscut GP) to Portuscale, 
and vice-versa, are presented respectively in Tables 4 and 5 (some documents do 
not have an explicit deadline). 

Table 3. Documents emitted by the Sub-Contractor and submitted to Portuscale 

Documents Delivery time limit relatively 
to the beginning of works 

Surrounding conditions until 45 days before 
Preliminary work programme until  45 days before 
Preliminary chart of labour force until  45 days before 
Preliminary chart of equipment needs until  45 days before 
Information concerning preliminary communication until  12 days before 
Crises management – Emergency plan until  10 days before 
Safety management – Organisational Diagram until  10 days before 
Plan of works with special risks  until  10 days before 
Project of the work yard and plans of accesses, 
circulation and signalling until  10 days before 

Sub-contractor quality plan until  30 days before 
Working procedures until  60 days before 
Definitive working plan until  10 days before 

 

 

Table 4. Documents emitted by the Concessionaire and submitted to Portuscale 
Documents Time limit 

Document with specifications approved by EP Undefined 
Execution project approved by EP Undefined 
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Table 5. Documents emitted by the Portuscale and submitted to the Concessionaire 
Documents Time limit 

Sub-contractor quality Manual Undefined 

Inspection and test plans Undefined 

Sub-contractor quality plan Undefined 

Descriptive report Undefined 

Definitive working programme 28 days after consignment 
 

 

There are some fundamental definitions related to inspection, tests and non-
conformity solution which must be understood, namely the following: 

• Inspections and Tests’ Plan or PIE (in Portuguese, Plano de Inspecções e 
Ensaios) – a document which contains a compilation of specifications with 
verifications, which demonstrate the conformity of an activity with the work 
quality manual, with the execution project of each highway section and with 
the working procedures of the sub-contractor; 

• Documental analysis – an evaluation of the previous documents necessary 
to begin an activity, by verifying the conformity of the materials, 
equipments, constructive methods or the work plan proposed by the 
sub-contractor; 

• Stop point – situation of the work, in which the sub-contractor needs a 
special authorization from Portuscale to begin or continue the activity; 

• Nonconformity (NC) – a product which does not conform to the 
specifications; serious or imminent danger situations; 

• Anomaly – a failure which occurs during the work execution. If it is not 
corrected, it will lead to a NC; 

• Correcting action or AC (in Portuguese, Acção Correctiva) – an action 
which eliminates the causes of nonconformity, anomaly or another 
unwanted situation in order to avoid its repetition; 

• Derogation (DRG) – a written authorization to use or deliver a product 
which does not conform to the specifications. 

Concerning inspections and tests, the sub-contractor effectuates them, according to 
the traditional control methodology and warranting the total accomplishment of the 
PIE. The Portuscale has the obligation of verifying if they are effectively and 
correctly accomplished. The PIE defines the inspections and tests to be necessarily 
performed by the sub-contractor and those to be performed by Portuscale. It 
regulates the inspection of Portuscale and presents the responsible persons for 
every inspection action. The PIE must also present how to evaluate (and who 
evaluates) the qualitative service of the sub-contractor, by showing explicit rules to 
accomplish the referred inspection. It refers the registers and how to register the 
tests and inspections. 
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The Portuscale will evaluate the sub-contractor’s system of quality assurance and 
will execute its own inspections and tests on a sampling basis (10 to 20%), which is 
considered to be representative of every activity, in order to validate the sub-
contractor’s tests and inspections. In the case of a stop point, the Portuscale 
intervention will always consist in a previous audit of the sub-contractor (by 
obtaining from the sub-contractor previous copies of the inspections’ registers). 
Moreover, Portuscale can carry out the same verifications to confirm those done by 
the sub-contractor. 

Another phase of the construction process is the invoice, in which the 
Concessionaire (Lusoscut), Portuscale and Sub-contractors interfere. The 
methodology adopted in the process of obtaining the authorization to emit the 
monthly works’ invoice is schematically illustrated in Figure 3. 

 
Figure 3. Methodology used in the monthly invoice process 

  Elaboration of the monthly report of 
measurement 

1                                       Sub-contractor  

Start 

- Measurement report 
  Send, before the 22nd day, the monthly 

report of measurement to Portuscale 
 2                                       Sub-contractor 

-Quantities justifications 
-Declarations of quality  

 To verify the quantities constructed on the 
month 

3                                               Portuscale 

 4                                              Portuscale 
Elaboration of the monthly report of 

measurement (Project + Construction) 

  Send the monthly report of measurement 
to Lusoscut 

5                                              Portuscale - Measurement report 
-Declarations of quality   

   Approval and emission of the payment 
certificates of the monthly report of 

measurement (Project + Construction) 

  6                                                 Lusoscut 

Protocol 

 Send the invoice to Lusoscut 
             Portuscale 8                                  Portuscale 7             

Send the approval and payment 
certificate of the monthly report of 
measurement of the sub-contractor 

Invoice Protocol

  Send the invoice to Portuscale 
 9                           Sub-contractor  

Invoice 

End 
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Concerning safety and prevention, Portuscale has the aim of establishing the 
activities which should be adopted in the planning and implementation of 
prevention and safety at workplace, namely by applying the Health and Safety Plan 
which allows getting higher levels of health, safety and comfort.  

This principium is applied to:  

i) all the project and construction works of the highway sections and 
roads associated with the concession; 

ii) all the areas considered to be work yards (lands or places which 
support the works’ execution);  

iii) all the areas near the work yards and workplaces (in order to control 
the risks of human accidents).  

 

The agents’ responsibilities and the Portuscale’s acting in terms of safety are 
described in a specific document (Manual Próprio) by DPS (Department of 
Prevention and Safety). 

5. CONCLUSIONS 

In this article, is presented a solution for governments which not have sufficient 
funds for constructing an infrastructure but need this, so the government give to a 
company the concession of road (highway) to design and to construct it. The 
concession is given for a determined period (in this case of 30 years), thru this 
period the concessionaire having the opportunity to gain the money back by taxes, 
but it needs to do maintain works and keep the highway in good condition. 
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ABSTRACT 
This paper identifies the main bridge owner requirements to integrated monitoring 
systems and outlines how monitoring systems may be used for performance and 
deterioration rate assessment to establish a better basis for selecting the optimal 
maintenance and rehabilitation strategy. 

Selecting the optimal maintenance and rehabilitation strategy within the actual 
budget for Romania’s transportation infrastructure is a key point in bridge 
management. For this reasons, attention is more and more focusing on the 
development of permanent integrated monitoring system for durability assessment 
of bridges. 

 

KEYWORDS: BRIDGE, DESIGN, MANAGEMENT, MONITORING SYSTEM. 

1. INTRODUCTION 

The European Commission has funded the SMART STRUCTURES-project 
BRPR-CT98-0751 in the period 1998-2002. Within this project, eight European 
partners have developed an integrated monitoring system with new sensors, data 
acquisition and transfer facilities as well as interpretive software, which cover the 
need for durability monitoring of existing concrete structures [1]. The important 
part of this project was concerned with development of different sensors to be 
embedded in concrete structures as a part of the monitoring system. These sensors 
should register time to corrosion initiation, chloride content and humidity. 
Laboratory tests have been performed with the new developed sensors measuring 
the above-mentioned parameters. Based on the laboratory tests calibration curves 
for translation of monitored data on-site tests have been established. The on-site 
test is being conducted on the highway bridge near Copenhagen with sensors 
installed during 2000 and 2001 in approx. 200 positions. The monitoring on-site 
will continue for the next five years and it should contribute to the further 
improvement of the sensors [1], [2]. 
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2. ADVANTAGES AND DISADVANTAGES OF TRADITIONAL 
BRIDGE MANAGEMENT 

In general, most countries rely on scattered visual inspections with occasional on-
site testing with portable equipment and laboratory testing of collected samples, to 
assess the state of the bridges. The interval between the inspections and the 
required level of detail differing from country to country. Visual inspections are 
relatively simple, “low-technology” procedures, whose easiness of execution and 
repetitively have contributed to their success. Therefore, they form long historical 
records and constitute the fundamental know-how on the evaluation of 
deterioration of bridges (table 1). 

Table 1: Advantages and disadvantages of traditional bridge management [1]. 
Problem Present Situation Result Advantages Disadvantages 

Evaluation of 
the actual 
state 
of bridges 

visual inspections gross 
estimate of 
the condition 
of 
bridges 

- repetitive 
- low cost 

- far from the 
structure 
- disturbance to 
traffic 
- subjective 
evaluation 

Evaluation of 
the future 
state 
of bridges 
 
 

- in-situ testing 
(concrete and 
reinforcement) 
- laboratory 
testing on cores 
- numerical 
models to 
describe 
deterioration 

more exact 
estimate of 
the condition 
of bridges 
 

- non-
destructive 
- (repetitive 
over time) 
precise 
evaluation 
(few points 
over time) 
information on 
the structural 
behaviour 

- when needed 
- disturbance to 
traffic 
- disturbance to 
structure (cores) 
- few measures, 
few points on 
curves 
 

Maintenance 
planning 

- maintenance 
options 
-  unit cost of 
repair 
- numerical 
procedures 

- choice of 
correct type 
and time to 
repair 
- allocation 
of money 

total cost of 
interventions 
 

reliability of 
computations 
affected by 
uncertainties 
inherent in the 
previous steps 

3. INTEGRATED MONITORING SYSTEM 

The main objective is to develop an integrated monitoring system for durability 
assessment of bridges. The system must interface and integrate the actual practice 
mainly based on visual inspections and combines the response of a number of 
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different reliable sensors, installed on the structure to monitor the progress of 
damage, with enhanced realistic deterioration models. The system and the sensors 
were developed to cover the parameters for the most important deterioration 
mechanisms: corrosion of reinforcement in bridges, carbonation of concrete, 
freeze-thaw cycles, alkali-silica reaction and mechanical damage, as well as the 
changes in the structures behavior and safety: static deformation, strains; crack 
widths and vibrations (frequencies, amplitudes, accelerations, and vibration modes) 
[1]. 

The progress of the various types of damage mechanisms can be predicted by 
monitoring the key physical and chemical parameters of the materials (such as 
temperature, humidity and pH for the concrete, measured on the surface of the 
structure and as a profile through the concrete thickness, and/rate of corrosion of 
reinforcement), and key mechanical parameters (such as strains, deflections, 
vibrations). As the sensors have to be permanently installed on the structure, they 
must present special characteristics of durability, easiness of installation and 
substitution, apart from being obviously low cost. The next point concerns the 
acquisition of the data collected on site and their transmission to a remote PC. All 
data must fit into numerical models to represent and to predict the deterioration of 
concrete bridges. Finally, the last component of the integrated monitoring system is 
given by software able to help in assessing the strategies of intervention for the 
individual bridges.  

A permanent monitoring system should assist the bridge owner in selecting the 
optimal maintenance and rehabilitation strategy by providing (table 2): 

1. Input to the maintenance and rehabilitation strategies in order to select the 
optimal preventive and remedial actions 
2. Timely warnings of initiation of durability and structural problems making 
preventive actions possible 
3. Timely warnings to ensure the safety of the structure, in particular for structures 
that can collapse without any prior sign of deterioration 
4. Input to future inspections of the structure including the time, extent and 
frequency of inspection, structural elements and deterioration mechanisms to focus 
on and additional on-site or laboratory testing (if any) 
5. Improved knowledge of the performance to validate the design assumptions 
6. Improved knowledge of the individual deterioration mechanisms and their 
interaction 
The knowledge on the development of deterioration of structures, in both its 
aspects of initiation and quantification, is a key activity for the management of 
bridges, especially where it deals with the planning of maintenance and repair 
activities. It is particularly difficult to assess the conditions of bridges and to 
foresee the evolution of their damage as this process is affected by many factors, 
some of which interact and some of which have no measurable effects. 
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Permanent monitoring systems should therefore provide information that can be 
used as input for the decision making process (e.g. for estimating the extent and 
budgets for maintenance, rehabilitation and repair activities) such as probable 
deterioration mechanisms, estimates of the time for initiation and future 
development of deterioration, assessment of structural safety. 

Permanent monitoring systems should be able to monitor the relevant deterioration 
mechanisms such as corrosion of reinforcement initiated by chloride ingress or 
carbonation, freeze-thaw damage and alkali-silica reaction damage. Ideally, one or 
more measurable key parameters that can describe the progress towards initiation 
and subsequent growth of damage should be identified for each deterioration 
mechanism as well as simple deterioration models allowing for prediction of the 
initiation and growth of damage. Furthermore, the structural performance and the 
effects of e.g. mechanical damage due to deterioration, vehicle impact, overloading 
or loss of prestressing should be covered by the monitoring system. 

 Table 2: Requirements for permanent monitoring systems [1] 
Process to 
monitor 

Relevant 
parameters 

Location Component 
of 
the system 

Requirements 

 
 
sensors 
/probes 

- robust 
- accurate 
- durable 
- easy to 
install/operate 
- low cost 

empirical 
models 

reliable trends of 
deterioration 

data 
acquisition  

- automatic 
acquisition 
- adjustable 
frequency 
- manual 
measurements still 
possible 

data transfer - remote 
communication 
site/office 

- corrosion 
- freeze-
thaw 
- alkali-
silica 
reaction 
- 
mechanical 
damage 
 

- humidity/moisture 
content 
- temperature 
- pH 
- chloride content 
- corrosion 
initiation/rate 
- permanent 
deflections 
- cracks 
- static and dynamic 
behavior (structural 
safety) 
 
 

areas critical: 
 
- safety 
- development 
of 
deterioration 
 
 

software for 
data treatment 

- early warnings 
-compatible with 
standard programs 

To be effective, a permanent monitoring system must include a number of sensors 
installed on the structure, a data acquisition/transfer system and integrated software 
for analysis and treatment of information. A number of requirements are therefore 
mandatory for the owner. First, sensors and probes have to monitor relevant key 
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parameters accurately. They must have a long service life, be easy to install and to 
operate (traffic interference) and have a limited need for maintenance and 
calibration.  
The process to develop an integrated monitoring system for durability assessment 
of existing and new concrete bridges is divided in 7 tasks (figure 1), [1], [2]. 

Task 1 describes the state of the art of current practice in the fields of inspections, 
monitoring and maintenance, both in European Community and in the USA, 
underlying advantages and possible disadvantages as well. 

Task 2 concerns the description and correlation of the most relevant deterioration 
mechanisms for the structures with the parameters that may be measured on site. 
The focal point is the determination of the critical levels of both the parameters of 
the models and of the corresponding measurable parameters. 

                                TASK 1
STATE OF THE ART OF CURRENT PRACTICE

         TASK 2

CRITICAL LEVELS 
      REALISTIC
DETERIORATION 
  MECHANISMS

 

      TASK 3

   VALIDATION
EQUIPMENT FOR
   MEASURING 
   CORROSION
     ACTIVITY

         TASK 4

 IDENTIFICATION 
BEST SENSORS TO
BE INSTALLED ON
   STRUCTURES

          TASK 5

 DESIGN SOFWARE
DATA ACQUISITION
 DATA TREATMENT

                                                     TASK 6
VALIDATION THE PERFORMANCE OF THE MONITORING SYSTEM

                                    TASK 7
EVALIATION OF MAINTENANCE STRATEGIES

  REQUIREMENTS FOR A 
NEW MONITORING SYSTEM

DEVELOPMENT OF THE 
COMPONENTS OF THE 
             SYSTEM

 ON SITE VALIDATION OF 
THE MONITORING SYSTEM

MAINTENANCE STRATEGIES

 
Figure 1. Integrated monitoring system [1] 

 
Task 3 is related to the implementation of portable equipment to measure corrosion 
activity.  

The objective of task 4 is to identify the most indicated sensors to be installed on 
the bridges to monitor their progressive deterioration.  

Task 5 aims at designing and integrating the systems for data acquisition and 
transfer with the software for data treatment and analysis. 

Task 6 represents the validation of the whole system that has been installed on an 
existing or new bridge in Romania. Data collected on site and transferred according 
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to the results of task 5, are processed to evaluate the progress of deterioration, to 
define alarm thresholds and to establish maintenance strategies and compute the 
overall costs.  

Finally, task 7 deals with the technical validation of the entire integrated system. 

4. DESIGN AND MANAGEMENT OF MONITORING SYSTEM 

The use of a permanent monitoring system for durability and performance 
assessment can be described based on Figure 2.  

The first step (1) is to determine whether deterioration has started or not. Usually 
this question is answered based on visual inspection, on-site or laboratory testing 
(traditional bridge management), and the results from the integrated monitoring 
system. However, with an identification of critical levels for initiation of 
deterioration of the key parameters measured with the monitoring system, the 
results from the monitoring system can be used to determine whether deterioration 
has started or not. If deterioration has not started, the bridge owner is interested in 
identifying the possible risk and cause of future deterioration (2) and in estimating 
when deterioration will be initiated (3) in order to make timely and cost efficient 
decisions regarding preventive actions (4). This requires an identification of the 
level for initiation of deterioration of the measured key parameters (see figure 3 to 
the left) as well as models for predicting the future development of the key 
parameters for initiation of deterioration.  

 

Figure 2. Assessment, design and management of monitoring system 
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If deterioration has started, the bridge owner is interested in knowing the current 
state of deterioration (5) and the cause of deterioration (6). It must be determined 
whether the results from the monitoring system alone are sufficient to answer these 
questions or whether monitoring has to be supplemented by visual inspection, on-
site or laboratory testing. 

The main objective is to develop a methodology for selecting an optimum 
maintenance methodology for a given bridge, considering safety, durability, 
functionality and socio-economic issues. A method mast be develop which will be 
base on a global cost analysis which took account of all the costs involved in 
construction, inspection, maintenance, repair, failure, road usage and replacement. 
This method must minimize the global cost while keeping the lifetime reliability of 
bridge above a minimum allowable value. 

5. EXPECTED ADVANTAGES OF MONITORING SYSTEM 

The use of permanent monitoring systems has several advantages once the system 
is installed: 

- Traffic interference is reduced. 

- The costs of access to the structure and resources for inspection and testing 
are reduced. 

- Structural elements with difficult access are easily monitored. 

- A more precise evaluation of the actual conditions of the structures with 
particular regard to the timely warning of the onset of durability and 
structural problems. 

- A more reliable prediction of the progress of damage as a function both of 
the measured parameters and of the application of realistic deterioration 
models, as well as a better understanding of individual deterioration 
mechanisms and their interaction. 

- An input for undertaking preventative actions for low levels of 
deterioration. 

- An input for defining maintenance and repair strategies (time and extent) 
as a function of the actual and foreseeable levels of deterioration. 

- A feedback on the effectiveness of repairs. 

- An evaluation of the need for further inspection and testing. 
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It is estimated that with the implementation of such integrated monitoring systems 
it should be possible: 

- To reduce the operating costs of inspections and maintenance by 25%; 

- To reduce the traffic-related costs by 30 % by reducing the number and 
extent of site inspections; 

- To reduce the overall life costs of bridges by 10 % by applying the 
improved lifetime prediction models already from the design stage; 

- The operator of the structures will be able to take protective actions before 
damaging processes start. 

7. CONCLUSIONS 

The use of permanent monitoring systems has several advantages once the system 
is installed: 

1. Traffic interference is reduced 

2. The costs of access to the structure and resources for inspection and testing are 
reduced 

3. Structural elements with difficult access are easily monitored 

4. A more precise evaluation of the actual conditions of the structures with 
particular regard to the timely warning of the onset of durability and structural 
problems 

5. A more reliable prediction of the progress of damage as a function both of the 
measured parameters and of the application of realistic deterioration models, as 
well as a better understanding of individual deterioration mechanisms and their 
interaction 

6. An input for undertaking preventative actions for low levels of deterioration 

7. An input for defining maintenance and repair strategies (time and extent) as a 
function of the actual and foreseeable levels of deterioration 

8. A feedback on the effectiveness of repairs 

9. An evaluation of the need for further inspection and testing. 

10. Frequent collection of data enables more reliable trends for the development of 
deterioration and performance, e.g. the progress towards initiation of deterioration 
and future damage growth. 

It is estimated that with the implementation of such integrated monitoring systems 
it should be possible: 
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1. To reduce the operating costs of inspections and maintenance by 25%; 

2. To reduce the traffic-related costs by 30 % by reducing the number and extent of 
site inspections; 

3. To reduce the overall life costs of bridges by 10 % by applying the improved 
lifetime prediction models already from the design stage; 

4. The operator of the structures will be able to take protective actions before 
damaging processes start. 
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ABSTRACT 
The methodology of modal testing and structural diagnosis of bridges require a 
complete set of equipment and calculation technique in order to accomplish the 
following objectives: dynamic testing of bridges, determination of the dynamic 
characteristics, the 3D modeling of the tested bridge, process of calibration and 
comparison of the 3 D calculation model, and the diagnosis of the structure in due 
time.  

The advantages offered by the application of the program are: possibility of 
prompt intervention, possibility of taking decisions in due time and the optimized 
administration of the highway bridges.  

KEYWORDS: BRIDGE, MODAL TESTING, STRUCTURAL DIAGNOSIS 

1. INTRODUCTION 

The methodology of modal testing and real-time online diagnosis of bridges is a 
response to the immediate necessity of quick intervention of a technically qualified 
entity to take decisions in due time concerning the nature of the interventions on 
bridges in case of great emergency.  

At this moment in most countries of European Community, the methodology 
applied in these instructions for establishing the technical state of a bridge is based 
especially on visual observations, having in this way a great amount of subjectivity 
in appreciating the value of the quality and functionality index. Besides the 
disturbing action on the traffic, the methodology applied at this time in Romania 
and other countries of European Community has another series of major 
disadvantages, such as:  

1. The low precision in indicating the moment of appearance, the evolution and the 
moment in which a critical point is reached during the process of deterioration that 
can be observed on the structure. 

2. The observations are made exclusively visual without any possibility of 
receiving information about the gravity of the structural degradation process.  

3. The high costs for providing access in hard accessible areas of the technical 
personnel which establishes the technical state. 
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4. The current unemployment of the testing and especially of the dynamic 
equipment, which affects in serious way the precision of establishing the technical 
state of the bridge in a certain moment.  

5. The great time interval between the moment in which the technical state is 
established and the decision of intervention, in case of major structural degradation 
which can seriously affect the safety and traffic, comfort on the highway. 

6. In Romania there is no protocol meant to assure the results continuity and 
correlation between the stages of establishing the technical state. 

7. There is no possibility to determine the exact time interval in which the bridge 
can still be exploited until the next stage of intervention.  

8. There is no possibility for optimized administration of the financial resources by 
rational planning of repair and maintenance works.  

Appling the modal testing and diagnosis of highway bridges by creating a mobile 
laboratory, leads to elimination of any deficiency of the current methodology used 
at this time in Romania and allows it to become compatible with the technical 
requirements specified by the technical standards applied in the European 
Community. 

The interest for applying a modal testing and monitoring system is an up-to-date 
matter and the numerous studies, research programs and scientifically 
manifestations of the last few years underline the increased attention given to this 
matter on the international level. Important research groups from the European 
Union (Switzerland, Germany, Great Britain, Italy, Denmark, France) but also 
from the USA, Canada and Japan, have begun since 1996 the implementation of 
important research programs whose results have already been communicated in 
conferences organized in this field of activity. 

The most intense research in this field, both concerning the financial resources and 
the size of the involved research groups are made in USA and Canada. The 
research group from the University of Cincinnati Infrastructure Institute (UCII) 
already has a testing and diagnosis laboratory for highway bridges. The bridges` 
modal testing is based on the use of the drop hammer studies and electrodynamic 
vibrators. 

In 1993, professor Varlam from the Faculty of Civil Engineering in Iasi, Romania, 
sustains his doctorate paper entitled: “On the behavior of reinforced concrete 
bridge structures during dynamic action”, under the scientifically of direction of 
professor A. Negoita. The studies and the researches have allowed for the first time 
in Romania to establish a dynamic research methodology of bridges with the help 
of a vibrator built by professor Varlam which is capable to excite bridge structures 
with forces determined as value, frequency and position.   
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Figure 1. The electrodynamic vibrator Laboratory of the Faculty of Civil Engineering in 

Iasi, Romania. 

The electrodynamic vibrator for site testing of bridge structures is able to roll on 
wheels of its own and can be connected to a trailer truck. At the back of the truck, 
the pumping and a set electric welding are installed, assuring in this way the 
functioning independence of the testing equipment towards the national electric 
power network.  The vibrator has 3 hydraulic cylinders, covers a frequency 
range between 0.5 and 10 Hz and has a dynamic force of up to 1200 daN/10 
Hz.  

 
Figure 2. The stand for dynamic testing of bridge models at great scale of the Faculty of 

Civil Engineering in Iasi, Romania. 
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2. BENEFITS 

The benefits offered by the implementation of this methodology are the 
optimized administration of the highway bridges. The existence in the computers 
memory of a 3-D calibrated calculation model allows the diagnosis of the technical 
state of the bridge in due time.  

The calculation model allows the identification of the type of degradation, its 
position on the structure, the gravity of the process so that one may establish with 
precision:  

▪ The time interval in which the tested bridge can still be used in accordance 
with the traffic safety and comfort. 

▪ The type of the necessary repairing process (amount of material, labor and 
equipment) 

▪ The best distribution of financial resources. 

3. OBJECTIVES, DELIVERABLES AND EXPECTED SCIENTIFIC 
IMPACT 

The research program has as goal the creation of a mobile laboratory with a 
complete set of equipment and calculation technique in order to accomplish the 
following objectives: 

1. Dynamic testing of bridges with two electrodynamics vibrators. The modal 
testing will be made every 5 years for the functional bridges or after special events 
– terrorist attack, earthquakes, and accidents by striking the structural elements of 
the bridge, exceptional transportation.  

2. The determination of the dynamic characteristics (own values and vectors, 
damping characteristics) with the help of electronic equipment and a calculation 
program dedicate to modal analysis.  

3. The 3D modulation of the tested bridge structure with the help of a specially 
designed calculation program based on the method of finite elements.  

4. The calibration process of the 3D calculation model is made in the auto 
laboratory in due time and consist in comparing the model’s theoretical dynamic 
characteristics with those of the real structure obtained at the site. In successive 
stages the theoretical dynamic values of the 3D model are changed until these will 
be equal to the experimental ones, case in which the model is considered 
calibrated. 
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On the occasion of the preliminary reception of the bridge (time To) a dynamic 
testing is performed together with a 3D modulation and calibration of the model 
based on the dynamic characteristics gathered at the site. In this case, the 
calibration of the model is made only modifying the mechanical characteristics 
taken into account when making the calculation model, assuming that in the phase 
of preliminary reception the bridge does not have flaws or major degradation. 

All the following calibrations of the 3D calculation models will be made 
successively at the time Ti and will consist both in modifying the mechanical 
characteristics of the materials (due to rheological process of shrinkage and slow 
flow of the concrete, the relaxation of the fitting, the corrosion of the fitting and 
concrete carbonization) and in modifying the structural geometrical characteristics 
(due to a splitting process, displacement, deformation or vibration of the structure) 
in comparison with the calculation model calibrated in the previous testing phase at 
the time Ti – 1. 

5. The permanent comparison process in due time of the characteristics calculated 
at the moment of the bridge testing (time Ti) with those calculated in the previous 
testing stage (time Ti – 1). If as a result of the modal analysis one does not identify 
a significant difference between the values of the dynamic characteristics, the 
bridge is diagnosed as being in a satisfactory technical state in comparison with the 
previous technical state. If there is a difference between the values, a warning 
signal is to be launched. 

6. The diagnosis of the structure in due time. When receiving the warning signal, 
the direct consequence is the immediate redirecting of the attention on the 3-D 
calculation calibrated model. The study of the calculation model must indicate the 
type of the identified degradation process, its position on the structure and its 
gravity. The visualization of the affected structure can help the diagnosis process 
by confirming the observations made after the analysis of the calculation model. 

7. The application of the bridge protection protocol. The structural protection 
protocol can be integrated in the procedures mentioned above, or it can be 
conceived as a completely separate procedure, the strategy function established by 
The National Roads Administration. The protocol includes a series of scenarios: 

a) beginning with the most simple, which consists in taking the protection 
measures against fog or glaze on the bridge 

b) continuing with the more complicated scenarios, which consist in requiring 
speed limitation, enlarged distance between the vehicles, closing certain traffic 
lanes, the immediate announcement of the fire fighters, the traffic police and the 
ambulance. 

c) ending with the most serious cases, which may consist in a traffic ban and 
adopting protection measures in accordance with the traffic. 
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4. SCIENTIFIC PROGRAM AND INNOVATION 

The process of modal testing and diagnosis of bridges has 5 stages: 

1. The dynamic testing of bridges 
2. The determination of the dynamic characteristics 
3. The comparison of the dynamic characteristics calculated at the site 
4. The structure’s diagnosis 
5. The bridge protection protocol 

Assembling these stages in a complex methodology, able to contain the modal 
testing and structural diagnosis procedure, provides the necessary conditions for 
creating a completely new entity in the bridge management system (BMS). 

In stage 1, we suggest a methodology of modal testing using an electrodynamic 
vibrator and a series of equipment made of accelerometers, power amplifiers, 
signal analyzer and a graphical recording device. 

In stage 2, the dynamic characteristics are determined using signal analyzers FFT.  

In stage 3, there are compared the values of the dynamic characteristics determined 
in the current stage with those determined during the previous testing for the same 
characteristics. 

In stage 4 the diagnosis of the tested structure has two activities. In activity 4.1 the 
diagnosis of the bridge is made by comparing the values of the dynamic 
characteristics determined in different stages of the bridge testing. If as a result of 
the comparing process one does not identify a significant difference of the values 
of the dynamic characteristics, the bridge is diagnosed as being in a satisfactory 
technical state. If there is a difference between the values, the bridge is diagnosed 
as being in an unfit technical condition and a warning signal is to be launched. This 
activity is followed by activity 4.2 in which the diagnosis of the structure is made 
with the help of a 3D calculation model using a specially designed calculation 
program based on the method of finite elements. 

The process of electronic modulation of the structure is made only once during the 
first dynamic testing of the bridge in question and the information is saved 
permanently in the central computer. On occasion of each bridge testing, the 3D 
calculation model is recalibrated, process, which has to make the values of the 
calculated dynamic characteristics and the measured ones, coincide. The 
calibration has as consequence the direct identification of the calculation model, 
and on the real structure the identification of a degrading process, regarding its 
position and manifestation level. In the moment in which the warning signal is 
launched, begins an analyzing procedure of the 3-D calculation model in order to 
identify the position, and the gravity of the degradation process, which led to a 
significant alteration of the values of the dynamic features. In this way the 
diagnosis of the technical state of the structure is made with a maximum of 
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accuracy and precision, knowing the type of the degradation process, its exact 
position on the structure and the gravity or its size.    

 In stage 5 begins the structure protection protocol. The protocol’s main concern is 
the fulfillment of the immediate traffic protection measures, and in the second 
phases the repair and consolidation works, which in this case are correctly 
dimensioned concerning the amount of work, material and the necessary 
equipment. In the same time the protocol provides the optimization of the financial 
resources. 

5. CONCLUSIONS 

The use of a modal testing and bridge diagnosis methodology of bridges involves: 

1. The optimized administration of the financial resources dedicated to the bridges` 
maintenance and repair. The significant drop of the resources used for this sector, 
allows them to be redirected to other sectors such as the investment one. 

2. The optimization of the maintenance and repairing works leads to an increased 
duration of exploitation of the bridge in question, which allows the achievement of 
benefits that can be redirected towards the investment sector. 

3. The maintenance for a long time in a good technical state of the bridges on a 
highway section, for which are necessary only current maintenance works, leads to 
the traffic fluidization on that highway sector.  

4. The implementation of this testing and diagnosis methodology for bridges, 
regarded as a standard process for establishing the technical state, demands the use 
of a modal testing equipment and calculation programs made abroad and involves a 
technological transfer towards the users, the opportunity to create new working 
places and opens new perfection possibilities.   
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Summary 
This article offers an overview of the key factors taken into consideration for 
building the new E34/R4-west, Zelzate interchange. Apart from a review of the 
techniques used to build the various engineering structures and the road system, 
attention will also be paid to the way work was carefully organized into phases so 
as to help minimize the disruption to traffic. 

The new interchange comprises a cloverleaf with one of the four loops being 
replaced by a tunnel. 

The work got underway on 5 August 2002 and the interchange was opened on 28 
June 2004. 

The Flemish Authority was the principal and invested Euro 25 million in this 
project. 

KEYWORDS: New Interchange, Cloverleaf, Concrete Bridge, Concrete Tunnel. 

1. INTRODUCTION 

The work involved in building the new interchange fits in with the major overhaul 
of the N49 between Antwerp and Knokke as far as the E34 motorway. According 
to the Flanders Regional Planning Programme (RPP) the N49-E34 belongs to the 
“main road” category.  According to the RPP, the R4 on the western bank of the 
Ghent-Terneuzen canal is divided by primary roads – cat. I. As the intersections on 
a motorway with other roads have to be achieved exclusively on different levels, 
the original level road intersection, with a traffic arrangement based on three-color 
lights, was replaced by an interchange with solely grade-separation junctions. 
Apart from the smoother traffic flow, the new interchange also guarantees better 
traffic safety for all road users. 
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2. OVERVIEW OF THE INFRASTRUCTURE WORK 

The new interchange comprises a cloverleaf with one of the four loops being 
replaced by a tunnel: 

▪ A bridge with four spans each 25 metres long and 28.90 metres wide to direct 
the R4 over the N49;  

▪ A tunnel with a total length of 950 metres (including 520 metres for the closed 
part, and 11.50m wide and 5.30m high) for traffic arriving from Antwerp and 
heading for Ghent;  

▪ A tunnel for cyclists under the N49 (57.30m long) and a cyclists' bridge over 
the R4 to keep cyclists completely segregated from the car traffic;  

▪ A sound-damping screen and a sound-damping verge to limit noise nuisances. 

 

Fig. 1 Overview of the activities 

The road works involve building the three loops and the four connecting roads of 
the cloverleaf. Within the cloverleaf, the road surface of the N49 and the R4 has 
been completely renewed. The new road system comprises an unreinforced cement 
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concrete pavement 21 cm thick, established on a 25 cm thick weak-mix concrete 
foundation, between which an intermediate layer of 5 cm asphalt has been placed. 

The next section first considers the work phases, after which a more detailed 
review is made of the infrastructural work carried out. 

3. IMPLEMENTATION PERIOD AND THE WORK PHASES 

The work got underway on 5 August 2002 and was due to be completed in July 
2005. The interchange was opened on 25 June 2004, more than 12 months earlier 
than planned. 

In order to minimise traffic disruption, particularly for people living in Zelzate 
municipality, it was decided to keep the alternative routing required for building 
the interchange within the site area rather than via the surrounding municipalities.  

To ensure safe conditions for cyclists, the cyclists' tunnel was built under the N49 
and brought into service before the existing intersection was decommissioned. A 
precondition for establishing the phasing process was that the traffic should be able 
to continue travelling in all directions, while the capacity had to be maintained. The 
work was mainly carried out in two phases. 

3.1 First Phase 

During the first phase of the work, the existing intersection with traffic lights was 
retained. One of the N49 traffic streams, i.e. direction Knokke, was closed to 
traffic. During this phase, all the work (shown in red) was carried out around the 
existing road system, which continued to remain open (shown in green) to traffic 
(Figure 2). 

The following activities were carried out: 

▪ transporting the existing drywall to the nearby Rhodia Chemical gypsum 
drywall discharge; 

▪ cyclists' tunnel: in two phases: 1st phase on the north side + entrance and exit 
on the north side– 2nd  phase on the south side + entrance and exit on the south 
side; 

▪ tunnel: entrance + exit and closed part as far as the fire-escape in the middle; 

▪ sound-damping screen along the entrance to the new tunnel; 

▪ road works: all new roads outside the existing road system that were required 
for the detour in phase 2. 
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Fig. 2 (a) First phase of the work, (b) Second phase of the work 

3.2 Second Phase 

During the second phase of the work, a temporary ring road was established around 
the site, mainly on the new road system for the new cloverleaf, so that almost no 
unnecessary roads had to be built. 

The following activities were carried out: 

▪ tunnel: closed part, including the  pump pit; 

▪ bridge over the N49; 

▪ steel cyclists' bridge the R4; 

▪ road works: three loops of the cloverleaf + new surfacing for the N49 + road 
system for the new concrete structures. 

4. DESCRIPTION OF THE WORK CARRIED OUT 

4.1 Preliminary Work 

Near the bridge over the N49 there used to be a large amount of waste drywall with 
the idea being to use these materials as fill for building the bridge. Several tests 
performed on the waste drywall over the years showed that the gypsum drywall 
waste was not suitable as filling materials. Consequently, the initial operation 
involved transporting the waste drywall to the nearby Rhodia Chemical gypsum 
drywall discharge. The total amount is 55000 m³, which is equal to about 3000 
dumpers. 

4.2 Sound-damping Screen 

A sound-damping screen was installed for a distance of 680 metres so as to 
minimise the noise nuisance for people living in street “Tunnellaan” on the north 
side of the interchange. The sound-damping screen comprises sound-absorbing 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 69 
 

concrete panels (concrete made with expanded clay aggregates) 3.50 metres high 
and 5 metres long (Figure 3). The concrete panels are slid between L-sections. 
These steel L-sections are vibrated in the ground every 5 cm. 

 

 

Fig. 3 Noise-damping screen 

4.3 Tunnel 

The tunnel has a total length of about 1 km, including 250m for the entrance and 
250m for the exit. The 11.50m wide tunnel has two lanes.  To start with just one 
lane was used, with the second one acting as an emergency lane. The working 
depth is 5.30m. 

A fire escape is available in the middle of the tunnel. All the rainwater is drained 
away to the middle of the tunnel. Under the tunnel floor is a large collecting 
chamber from where the rainwater is pumped up to the canals nearby. 

In order to minimise the impact of the lowering of the ground water level when the 
tunnel was being constructed, the earthwork was carried out in a waterproof 
construction pit. First of all a 1 metres-thick waterproof cement bentonite screen 
was established 2m in the clay bed, 20m under the existing surface level. At the 
same time as the excavation work, the trench was filled with a cement bentonite 
mixture forming a waterproof screen after hardening. Before the cement bentonite 
mixture hardened, sheet piles were suspended here to ensure the stability of the 
construction pit later on during the excavation. The waterproof status of the wall 
was monitored throughout the entire tunnel construction period by a series of stand 
pipe piezometers around the construction pit, that were measured at regular 
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intervals. In view of the phases that were established, three waterproof cofferdams 
had to be made in the end. Consequently, two quays were provided. Once the 
waterproof construction pit had been completed, the drainage was established so as 
to lower the ground water below the excavation level. The drainage was achieved 
with deep wells. 

The tunnel was excavated in phases. During the first phase, the tunnel was 
excavated to a level where the retaining wall still did not require propping (the steel 
sheet piles). Next, the props were established. They comprised steel tubes put 
under pressure with hydraulic screw jacks. The props were placed level with the 
subsequent roof cladding, so the walls could be concreted before the removal of the 
props (Figure 4). 

 

Fig. 4 Tunnel under the cloverleaf 

Once the props were placed, the construction pit was excavated downwards. Any 
soil from the excavation work was redeployed on the site for creating the loops and 
bridge approach roads and exits. 

Once a depth had been reached, a start could be made on the actual building of the 
tunnel, which was made from 55 parts roughly 17.5 m long, linked together with a 
waterproof expansion joint strip. The floor is a standard reinforced concrete slab 
cast onsite. A built-in sewerage pipe carries the rainwater to the pump chamber in 
the middle of the tunnel. The double-framed tunnel walls are made of prefabricated 
concrete. In addition to the advantage in terms of appearance (a smooth wall 
without any construction joints) the completion time can be reduced considerably 
as work can be carried out at two sites simultaneously, on the site and in the 
contractor's workshop. The space behind the prefabricated walls is filled with 
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concrete. In order to limit the concrete pressure on the walls, this is done in two 
casting phases. 

After the walls have hardened, the props may be removed and a start be made on 
creating the roof cladding. This was cast with eight moving formworks that could 
be transported on trolleys. On top of the roof cladding, the tunnel was waterproofed 
with two layers of mastic asphalt. 

Finally a few figures: 

▪ cement bentonite screen:  38,000 m² 

▪ steel sheet piles:   3,650 tonnes 

▪ excavation:    75,000 m³ 

▪ concrete:    25,000 m³ 

▪ reinforcing bars:   2,600 tonnes 

4.4 Bridge over the N49 

The bridge over the E34 has a span of 100m and rests on 3 columns and 2 land 
abutments, built on piles (Figure 5). The bridge has a total width of 28.90 metres. 
The bridge actually comprises two parallel 14.45 metres wide bridges, creating 2 x 
2 lanes of 3.50m with emergency lanes.  

The superstructure comprises 36 prestressed prefabricated bridge girders roughly 
24m long. The bridge girders are placed on rubber supporting appliances laminated 
with steel plates. Prefabricated plates are placed on these bridge girders that also 
serve as formwork for the subsequent bridge floor, which is cast in concrete and 
finished with two layers of mastic asphalt and two layers of asphalt surfacing. 

 

 

Fig. 5 Bridge over the N49 
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4.5 Cyclists' Tunnel under the N49 

The cyclists' tunnel under the E34 has a 57m closed part and a 43m open part. 
Inside it is 4m wide and 2.5m high. The access ramp accounts for 6.42 % (Figure 
6). 

 
 

 

Fig. 6 Cyclists' tunnel under the N49 

The cyclists' tunnel was built in two phases without interrupting traffic flows on the 
N49. The walls were painted as a preventive measure against graffiti and in the 
light of the request by Zelzate municipality, the cyclists' tunnel was opened before 
the existing intersection was decommissioned. 

4.6 Steel cyclists' Bridge over the R4-west 

The cyclists' bridge has a total span of 81m and a width of 3.40m (Figure 7). The 
bridge columns were prefabricated in the contractor's workshop. The steel cyclists' 
bridge was also assembled in two halves in the workshop and welded to each other 
at the site. The assembly work was done at night because the R4 had to be 
completely traffic-free for this purpose. The components were placed on the land 
abutment and on a temporary column in the central reservation of the R4, where 
the two halves were welded together. Thanks to this temporary column, the bridge 
could be levered up to create a camber of a few centimetres. After the removal of 
the temporary support, the bridge would sag a few centimetres under its own 
weight. The bridge floor was finished with an anti-slip epoxy floor. 
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Fig. 7 Steel cyclists’ bridge 

4.7 Road Surfacing 

All road surfacing was done with unreinforced cement concrete plates. It was 
virtually impossible to used continuous reinforced concrete in this case owing to 
the numerous small phases during which the road system had to be established. 

The foundation under the road system was built with recycled material from the 
demolition of the existing road system. All the materials were crushed at the site 
with a mobile crushing plant. All these activities were carried out under the 
supervision of the independent inspection body “Copro”. 

The cement concrete surfacing was applied with a continuously moving form. 
Provided with fine rubble, the concrete was brought to the sliding machine with a 
hydraulic wheeled excavator. As soon as the concrete was placed, the surface was 
sprinkled with a setting retarder and covered with plastic. When the concrete was 
hard, the top layer could be washed to improve the skid resistance of the road 
surface. 

A total of roughly 80,000 m² of road concrete was used. This is comparable with a 
lane of 23 km. 
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Fig. 8 Road surfacing with unreinforced cement concrete plates 

5. PRINCIPAL, DESIGNER AND CONTRACTOR 

As the principal, the Flemish Authority invested Euro 24,630,190 in this project. 
The plans for the road works and the engineering structures were prepared by the 
Flemish Authority's services – Ministry of Mobility and Public Works. 

▪ Road works: East Flanders Road and Traffic Division 

▪ Tunnel, bridge, cyclists' tunnel and sound-damping screen: Concrete 
Structures Division 

▪ Cyclists' bridge: Metal Structures Division 

The work was carried out by NV Cordeel from Temse, Belgium. 
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Life Cycle Cost Analysis (LCCA) of the pavements 

Radu Gavrilescu1 
1Technical Advicind Dept., Carpatcement-HeidelbergCement Group, Bucharest, 013681, Romania 

Summary 
LCCA is a modern, efficient and well recognized method for cost comparison, 
during the same life-time, between the two main technical solutions for road 
pavements (Asphalt Concrete - AC and Portland Cement Concrete - PCC).  

Applying this method to a specific project (motorway, by-pass or road sector - new 
projects) is not a very complex process – important is the strategic decision of the 
Authority! 

In Romania, a LCCA was just finished in September 2006.  

In a governmental program (“Amtrans”), INCERC, IPTANA and CIROM start in 
2005 the analysis in order to confirm and establish the long-term AC and PCC 
pavements performances and costs, during the same life-time (30 years).  

The results was a surprise for many: at initial stage (initial costs) the applicable 
structures for motorways have similar (comparable) costs (!), during the (30 years) 
life-time the maintenance costs for PCC represent ~50% comparison with AC and 
finally, PCC represent the most economical solution for the motorways pavements. 

The official poster of the study is attached, in Romanian language.     

KEYWORDS: LCCA (life cycle cost analysis), PCC (concrete pavement), AC 
(asphalt pavement), maintenance scenarios, durability. 

 

1. INTRODUCTION 

When the decisional makers establish the technical solution for road structure (AC 
or PCC pavements) the most important factor is the cost. For “restrictive” 
infrastructure budgets (countries in transition, for example), the most important 
seems to be the initial cost (construction cost).  

Since now, in Romania, with only one exception (A2 Bucharest – Fundulea 
Motorway 26.5Km length, open for traffic in 2004), all designed (new projects) 
motorways, by-pass-es and 4 lanes roads have AC pavements.  
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2. LCCA  - DEFINITIONS 

The technical literature expose various definitions for LCCA, adapted for different 
field of application of this method, but in fact this kind of analysis have only one 
target: to evaluate during the same life-time, for many technical solutions, the 
evolution of every relevant costs and to obtain the total cost in order to establish 
the long-term benefits of every technical solution.  

For motorway projects, the most operative definition of LCCA is provided in 
Section 303, Quality Improvement, of the National Highway System NHS 
Designation Act of 1995.  

▪ LCCA is  “a process for evaluating the total economic worth of a usable 
project segment by analyzing initial costs and discounted future cost, such as 
maintenance, user, reconstruction, rehabilitation, restoring and resurfacing 
costs, over the life of the project segment.”;  

 

The Federal Highway Administration’s LCCA in Pavement Design — Interim 
Technical Bulletin furnishes a more transportation project-specific definition, as 
follows: 

▪ LCCA is “an analysis technique that builds on the well-founded principles of 
economic analysis to evaluate the over-all-long-term economic efficiency 
between competing alternative investment options. It does not address equity 
issues. It incorporates initial and discounted future agency, user, and other 
relevant costs over the life of alternative investments. It attempts to identify 
the best value (the lowest long-term cost that satisfies the performance 
objective being sought) for investment expenditures.” 

3. BASIC MODEL OF THE LCCA, IN TRANSPORTATION PROJECTS 

Analyzing the LCCA structure (Figure 1), we can observe some costs that are easy 
to be established, with good tolerances (design costs, initial costs, even 
maintenance costs) or with acceptable tolerances (rehabilitation costs, residual 
costs).  

Some of the costs are difficult to be estimated and represent only evaluations (ex: 
users costs during life-time), using various work hypotheses.  

Based on local experience the LCCA can be completed with other costs (example: 
fuel savings for users, electrical energy savings). 
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Figure 1. Federal Highway Administration LCCA Model (FHWA, 1998) [1] 

Life-time analysis for motorways pavements is recommended to be considered 30 
years, for roads pavements 20-25 years and for airports pavements more than 40 
years. 

▪ Design cost includes cost of design, project-development, engineering 
studies, consultancy on execution. Differences between design costs for AC 
and PCC pavements are not important/relevant. 

 
▪ Construction (initial) cost: Generally, it is considered that in this phase of 

the project (investment), the necessary budget for a PCC pavement is higher 
than the one for an AC pavement. This is not obvious and is based on 
prejudiced ideas! For every project, one comparative economical study must 
be performed. 

 
▪ Maintenance costs: The budget for maintenance of PCC pavements is 

obviously lower than the one for AC pavement – that’s the whole 
international experience! During their life-time, PCC need maintenance and 
repair expenses lower by 40÷55% compared to AC pavement roads [2]. On 
long run, evolution of price for crude oil (as raw material for bitumen 
production) has large variations, depending on local/regional situations. As a 
result, it is very difficult to estimate the evolution of bitumen price for the 
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next 10-15 years, when first reinforcements for motorways and roads, built in 
present, are scheduled. 

 

Considering the limited budget allowed for maintenance (specific situation for 
countries in transition), by using the PCC pavements can be develop successfully 
the strategy of curing works (local, punctual works). Even for improper works 
(obviously not accepted), the potential faults of PCC pavements are only local, 
have slow evolution, do not endanger traffic safety and allow a precise schedule of 
maintenance and repair works. 

▪ Rehabilitation costs: The budget for total rehabilitation (after life-time) of 
PCC pavements is reduced with a part of aggregates costs that come from 
recycling of old concrete (in resistance layer), a modern and ecological 
solution. 

Total budget for PCC pavements (construction, maintenance for the same life-
time) is about 74÷87% of the same budget (of the same road category, in the same 
traffic conditions) of AC pavements that needs enforcement [2]. 

▪ Fuel savings: PCC pavements (through their perfect flatness and the virtual 
non-alteration of shape of the wear layer by the tires especially in hot weather 
condition) reduce the opposition to rolling of the vehicles.  

As a result, they ensure the reduction of fuel consumption by [2] 16÷20% for 
trucks, and 8÷12% for automobiles, compared to AC pavements, and reducing in 
this way the impact on environment. 

A study from 1982 of Federal Highway Administration from USA (prepared by dr. 
John Zaniewsky) shows the differences in fuel consumption by more than 20% 
unfavorable to AC. 

The Informative Bulletin of Roads Laboratories Direction within Transportation 
Ministry in Canada (Quebec, vol. 3, no. 1, January 1998) shows the differences for 
opposition to rolling by ~12% unfavorable to AC. 

A specialized software (Detroit Diesel Software, Spec Manager ver. 2.1.) shows 
fuel consumption increases compared to PCC rolling by 8% for rolling on cold AC 
(in autumn, winter, spring with moderate temperatures) and 17.5% for rolling on 
hot AC (summer). 

An extended study of The National Research Council in Canada, The Center for 
Surface Transport Technologies shows that the average fuel consumption on AC is 
higher by 6÷11% than on PCC, for all investigated speed levels (60, 75 and 100 
Km/h). 
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▪ Electric energy savings: PCC pavements ensure reducing the electrical 
power consumption by up to 20% for roads lighting, in tunnels, crossroads, 
and on the main entrance roads to towns (light color of concrete surface 
reflect artificial lighting). 

4. AC VS. PCC - MAINTENANCE SCENARIOS 

The decisive step in order to expose the most important advantage of the PCC 
pavements (“minimum maintenance costs during life-time”) is to evaluate the 
maintenance costs, as accurate is possible (type of works, periodicity and unitary 
costs).  

In fact, is necessary to know the strategy of the Authority regarding AC and PCC 
pavements maintenance, according to official norms and regulations. 

In Romania we don’t have official regulations showing maintenance scenarios 
specific for motorway pavements (AC, PCC) but, unofficial the next maintenance 
scenarios for AC and PCC is used for sustain the decision on new projects. 

Table 1: Maintenance scenario for AC motorway pavement 

AC pavement 
# Type of the work Periodicity Quantity 

1 Filling cracks On 5% of the 
surface yearly 

2 Repairing ruts and 
various faults 

Yearly starting with year no.4, 
except in reinforcement year and 3 
years after that On 3% of the 

surface yearly 

3 Bituminous layer 
Once at two years starting with year 
no.4, except  reinforcement year and 
4 years after that 

Totally on 85% of 
the surface 

4 
Local recycling 
works 6-8 cm + 2cm 
bituminous layer 

Once at 4 years, except on 
reinforcement year and 4 years after 
that 

Totally on 15% of 
the surface 

5 Reinforcement of 
the structure 

At ending of the life-time, according 
to dimensioning calculus On entire length 
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Table 2: Maintenance scenario for PCC motorway pavement 

PCC pavement 
# Type of the work Periodicity Quantity 

1 Filling joints and 
cracks 

Yearly, starting with year 
no.5 

On 2% of the surface 
between year no. 5-10, 4% 
between 11-20 and 6% 
between 21-30. 

2 
Joint repairings, 
joint sealant 
replacement 

Works executed in year no. 
7, 8, 9, 10, 15, 16, 17, 18, 
23, 24, 25, and 26. With 1/3 
reduction between 15-18 and 
2/3 between 23-26. 

All joints will be repaired 
and sealant replacement acc. 
to periodicity in rates of 
25%. 

3 Slab replacements Yearly, starting with year no. 
11 

8% of the entire number of 
the slab will be replaced (1/3 
between 11-20 and 2/3 
between 21-30) 

4 

Bituminous layer 
6cm (2 cm 
anticrack reflexive 
layer and 4cm AC) 

Executed on year no. 9 (25% 
of the surface), 17 (30% of 
the surface) and 25 (45% of 
the surface) 

On the entire surface, acc. to 
periodicity. 

Based on the up-presented maintenance scenarios, in the next figures, using 
average price levels from Romanian market, is exposed the maintenance cost 
evolution during life-time (30 years) for two pavement structures AC and PCC, for 
the same project (motorway sector).  
The AC pavement is established to be reinforced on year no. 20. 

5. AC vs. PCC - MAINTENANCE COSTS DURING 30 YEARS LIFETIME 

 

Figure 2. Yearly maintenance costs of AC and PCC during life-time (30 years). 
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According to the maintenance scenarios (Table 1 and 2):  

▪ PCC pavement appears to be very expensive during lifetime (30 years) in 
contradiction with the well-recognized advantage of the concrete pavement 
(“minimum maintenance requirements”) ! The punctual very expensive works 
for PCC (on years #9, #17 and #25) represent coverings with bituminous 
layer (work #4); 

▪ Maintenance costs for AC pavement appears to be high, right after 
construction! 

Based on local experience and observations on existent motorways built in PCC 
solution (Bucharest - Pitesti Km 23-46 in 1960 - 1965, Fetesti-Cernavoda in 1985), 
some of the maintenance costs of the PCC pavement appear to be “artificial” (ex: 
6cm bituminous layer on entire surface, starting with one very short term: year # 9 
on 25% of the PCC surface, work # 4).  

If, from technical point of view on execution stage, will be possible to exclude the 
asphalt coverings (work #4) of the PCC pavements from the maintenance scenario, 
the Administration will obtain important cost savings during the 30 years lifetime 
(see fig. 3), in total accordance with international experience, including for heavy 
traffic motorways.  

Fortunately, the actual knowledge about PCC pavements (materials, execution 
technology and joints maintenance) offers the chance to have very durable surface 
and low noise joints, without AC covering necessity, during even the entire life-
time of the pavement! 

 

Figure 3. Cumulate maintenance costs for AC and PCC (with and without AC covering 
layer) during lifetime (30 years). 
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6. CONCLUSION 

LCCA is a modern and well recognised method able to expose the long-term 
economic advantages of the PCC pavements, especially the durability without 
important maintenance costs, during the life-time. 

In order to perform a complete LCCA is necessary to: 

▪ Know price levels from construction market; 

▪ Establish „fair maintenance scenarios” regarding AC and PCC pavements; 

▪ Evaluate from independent sources “all difficult to be estimated” costs; 

▪ Evaluate all costs as accurate is possible. 

For Romania, the results of the one fair LCCA will sustain the economical solution 
for motorways pavement, according to national interest. 
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DETERMINATION  THE VIBRATION MODES  OF THE 
OBLIQUE DECK  BRIDGES BY FINITE STRIP 

Ovidiu Gavris 
Faculty of Construction, Tehnical University of Cluj Napoca 

Abstract 
The aim of the paper is establishing the normal mode shape vectors,  of vibration 
bridge decks, as oblique and trapeze , orthotropic and isotropic plates , of a 
constant or variable thickness and with various boundary conditions, by using the 
method of the finite strips technique.  

 
KEYWORDS : Plate,Strip, Deck of  bridge, Finite strip method, Matrix, Vibration 
forms , Eigenvalues, Eigenvectors. 

1. INTRODUCTION 

The present paper is dealing with the finite strip method (FSM) associated with the 
Rayleigh–Ritz variation principle for determination  eigenvalues and eigenvectors 
and for represent the vibration forms  for the polygonal plates with varying 
boundary conditions . The method presented here is an alternative to the numerical 
FEM and DFM and brings more benefits as compared to them , both in the case of 
static and the dynamic analysis , owing to the quick convergence of the solutions. 

2. THE THEORETICAL PRESENTATION OF THE PROCEDURE 

The plate is considered to be modelled as an assembly of narrow strips (assimilated 
to the bars) parallel to the y axis . These finite strips tecnique respect the boundary 
conditions of the plate in both directions. 

If  the plate does not have a regular form the strips modells the plate only 
approximately . The accuracy of the results is conditioned by the greater number of 
strips . Plates of constant or variable thickness may be analysed by means of this 
method on condition that the thickness of the strip is constant . The thickness may   
vary from a strip to another. 

The lenght of the strips may be constant (rectangular or oblique plates – see Figure 
1 and 2) or variable (for trapeze or triangular plates). 
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Based on the  energy principles of structural mechanics , a conservative material 
system operated by a conservative  system of forces is in equilibrium  if the total 
potential energy  is stationary for the boundary conditions of the system. 
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                                Figure 1  Mesh divisions of polygonal plates 
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V = U – L                                                     (1) 

V – the total potential energy 
U – the deformation energy of the plate 
L –  the work of external forces 
d -   generalized displacements   
     
The deformation  energy of a strip has the following form: 
                 1 

Ue = -   ∫∫ (الe)T D (الe) dx dy                                                                       (2) 
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 :e – is the matrix of curvature and has the following shapeال
 -w,11 

 
-w,22 

 
2w,12

 = ال
    

 
  



86 O. Gavris 

 
D- is the  elasticity matrix and has the following shape: 
  
 
D=      

                                                                              (3)                        
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D11 = E1h3/12(1 – υ1 υ2 )        D22 = E2h3/12(1 – υ1 υ2 )         
D12 = Gh3/12(1 – υ1 υ2 )                  (4)        
For the isotropic plate   υ1 =  υ2 = υ and  D11 = D22 = D = Eh3/12(1 –  υ2 )         
and D12 = D (1- υ)/2  
 
Applying Ritz`s variation principle , the expression of the displacement is : 
 
              n  m 
  W( e ) = ∑ ∑ d e

ij.Фi(x) . Fj(y)                                                          (5) 
1  1  

 
where : 
Фi(x)  – functions chosen to ensure the compatibility of linear displacements and 

rotations across nodal lines; 
Fj(y) – functions chosen to ensure the edge conditions of the strip (Rayleigh 

functions) 
d e

ij  – the  generalised desplacements of the eth. strip 
 
 
     The expression number (5) may be written in a matrix form as : 
                      (6) 
     W( e ) =  C.de = [  ФF1  ФF2   …ФFn]   
 
Where 
 
Ф = [Ф1  Ф2  …. Фn ]          (7) 

d1
e

d2
e 

. 

. 

. 
dn

e 
 
dji 

e = [dj1 
e  dj2 

e  dj3 
e … djn/2 

e djn/2+1 
e … djn 

e ]                        (8) 
 
 
the first n/2 elements are generalized displacements (rotations and displacementes) 
associated with the border line on the left of the strip and the second n/2 are 
associated  with the border line on the right of the strip .  
 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 87 
 

By replacing the (6) and (5) relationships in (2) and observing that :  
                    (9) 
Bj 

e = - (ФFj),11 
- (ФFj),22 
2(ФFj),12 

 
 
 
The expression of the strip stiffness matrix  can be written : 
Kjk 

(e) = ∫∫ (Bj
e)T  D  (Bj

e) dx dy                                               
(10) 
 
In an extended  form, this expression  may be written as : 
  
 
Ke=  
 
 
The strip stiffnes matrix is symmetric and has 4n order.The matrix (Ke ) can be 
partitioned in the following way : 

K11
e K12

e …. K   
K21

e K  …. K                                                (11) 
….. …. …. …..  
Km1

e K  …. Kmm
e  m2

e

22
e

1n
e

2n
e

 
 

K KSD 

K KDD 

SS 
 

DS 
 

Ke= 
 
 
  

 
The plate stiffness  matrix is obtained by assembling the matrixes given by (11) 
and is the following : 
 
 K1

SS K1
SD    0   

K1
DS K1

DD+K2
SS K2

SD      
 K K2

DD +K3
SS K3

SD      (12) 
  K K3

DD+… . 
. 
. 

   

 0    …+Kr
SS K   

     K Kr
SS  r

DS

r
SD

3
DS

2
DS

 
K = 
 
 
 
 
 
 
 
r – represents the order of the general matrix K. K is a band matrix, positively 
defined   and having  null elements except  the band . 
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r = 2n.(NEF + 1)                  (13)                       
 
n       –the number of the functions of approximation  
NEF – the number of the finite strips which the plate is divided into  
 
With these elements the expression of the deformation energy for the strip of plate 
is : 
   

1 
U e   =   - ( de )T Ke  ( de )                                                (14) 

  2 
and for the entire plate is equal with: 

 r  1 
      U = ∑ Ue =  - dT K d             (14') 
   1           2 
For conservative systems,the work done by inertial forces is given by: 
  ω2 
 LM  =    -     ∫∫ ρh w2 (x,y) dx dy                                      (15) 

  2     (S) 
Introducing the expression of  w ‚given by (6) in (5) the result will be : 

1 
Le

M =   - ω2 ∫∫ Fj ( dj e) ΦT ρh Fk ( dk e) Φ dx dy                                      (16) 
  2 
Observing that : 

Me
jk = ∫∫ Fj  ΦT ρh Fk  Φ dx dy                                         (17) 

 
The inertial matrix M of the plate follows the same algorithm as the stiffnes matrix. 
The expression of the work of inertial forces on the entire plate is : 
          r    1 
LM = ∑ Le

M =   - ω2 dj
T M dj                                                                                     (18) 

1 2 
With the (14) and ( 18 ) expressions , the total potential energy is written as follows  

           1  
V = U – L  =  -  dT ( K- M) d                                              (19) 

            2  
By applying the principle of stationarity to the total potential energy, the 
expression ( 9) is derived  in the variables d   and by equalling the resulting 
expression to zero ,  will be obtained the following equation: 
 
 ( K - ω2 M ) d = 0                                                              (20) 
The matrix equation (20) represents the typical form of eigenproblems and that 
furnishes the eigenvalues and eigenvectors of the  plate . 
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The equation (20) was solved by means of the method of revers matrix iteration (on 
subspaces ) associated with the method of spectral decomposition for establishing 
the upper  modes of vibration . 
The plate generalised displacement vector ( di ), corresponding to the eigenvalues 
(ωi ), is the eigenvectors . The displacement to one point  is obtained with the plate 
generalized displacement and with the functional Fj  and Φi   

A programme was elaborated in VISUAL BASIC, based on the theory presented 
above. This programme determines the eigenvalues and eigenvectors of the plates 
with different boundary conditions, whiles MATHCAD was used in order to draw 
the proper forms for 10 vibration modes. 

 

The expressions of the approximation functions comprised by the relation(5) and 
used in calculations are: 

 Fj (y) = sin (jπ y/a )  y,y1 
  x 
Φ1(x) = 1-3x2/b2 +2x3 /b3  
Φ2(x) = x-2x2/b+x3/b2 β x1 
Φ3(x) = 3x2/b2-2x3/b3 a  

Φ4(x) = x3/b2-x2/b  b 

      
                                                
                                        Figure 2  Divisions of oblique plates 

3. CONCLUSIONS 

The numerical method presented in the paper has the advantage of a low number of 
strips , which leads to a small number of equations and small width of the band. 

By using this method, the author elaborated programmes to compute the vibration 
forms   and    the influence surfaces of the isotropic and orthotropic polygonal 
plates with different boundary conditions. 
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Summary 
A number of different types of models (mostly computer based) can be used to 
predict the state of stress in a pavement under simulated wheel and environmental 
loading conditions. The models that primarily fall into this category are those 
based on multilayer elastic (MLE) theory and FE analysis. The MLE models are 
considered satisfactory for predicting flexible pavement response under external 
wheel loads. They are widely used for they are relatively easy to operate, fast-
executing, although they are not capable of predicting pavement response 
associated with any environmental loading [6]. 

A multi-layered elastic model assumes that each pavement structural layer is 
homogeneous, isotropic, and linearly elastic.  The layered elastic theory is credited 
to V.J. Boussinesq, who published his classic work in 1885 [5]. 

The basic assumptions of these relatively simple mathematical models are: 
pavement layers extend infinitely in the horizontal direction, the bottom layer 
(usually the subgrade) extends infinitely downward and materials are not stressed 
beyond their elastic ranges.  

A layered elastic model requires a minimum number of inputs to adequately 
characterize a pavement structure and its response to loading, which are: material 
properties of each layer, pavement layer thicknesses, loading conditions. The 
outputs are the stresses, strains, and deflections in the pavement [5]. 

One of the widely used computer programs for modeling flexible pavement 
systems is Elmod. Elmod is one component of a number of integrated 
software packages available from Dynatest for effective and efficient 
analysis and management of pavements. Elmod forms the core module of 
the Dynatest suite analytical programs [7]. 
In the United States, Washington State DOT has developed the Everseries 
Pavement Analysis Programs.  Everseries contains three independent programs for 
layered elastic analysis (Everstress), FWD pavement modulus backcalculation 
(Evercalc) and flexible pavement overlay design (Everpave) [5]. 

http://training.ce.washington.edu/WSDOT/Modules/06_structural_design/backcalculation.htm
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Shell International Petroleum Company has developed the Bisar programs for 
stress and strain calculations in asphalt pavement models [8], the Shell 
methodology being widely used for modeling flexible pavements behavior. 
The present paper presents the work undertaken by the author in the frame of 
“Leonardo da Vinci” Student Mobility Program, Contract RO/2004/PL93209/S, at 
Universidade do Minho - Center for Civil Engineering, Highways Laboratory, 
under the direct coordination of Professor Paulo Pereira, PhD, PE, Head of 
Pavements Research Group, and tutored by Elisabete Freitas and Jorge Pais, from 
the same department. 

This article presents the solving of one of the issues of the performed work: the 
modeling of an existent pavement with its pavement condition and bearing 
capacity, using Bisar 3.0 Program. 

 

KEYWORDS: pavement modeling, stiffness module, homogeneous subsection, 
deflections. 

1. INTRODUCTION 

The subject of this article is the national road EN 206 Variant between Carreira and 
Guimarães. The present layout starts at the distributor ring which already exists in 
Guimarães and ends at the A7 Highway distributor ring (see Figure 1). 

The main distresses found on the EN 206 Variant were severe alligator cracking, 
especially on the way “To Guimarães”, longitudinal and transversal cracking and 
the entire surface presented reveling, reason why an immediate rehabilitation was 
necessary.   

The typical transverse profile has 2 lanes per direction, 3.5 m width each, a 
separation space 3 m width, 2 service lanes – 2.5 m width each, and shoulders – 1 
m width each. The current cross-section has a transversal slope of 2.5 % to the 
sides and, in curves there are super-elevations according to the IEP design 
specification. 

As shown in Figure 2 the pavement structure is constituted from: wearing course – 
asphalt mixture (6 cm); binder – asphalt mixture (6 cm); base layer – bituminous 
macadam (12 cm) and subbase – graded aggregates (20 cm).  
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Figure1. General view of the EN 206 Variant 

A linear model of pavement is composed of a set of parameters, such as: 

• thickness; 
• Poisson ratio; 
• interface; 
• stiffness modulus. 

The main issue in pavement modeling is to calculate the stiffness moduli for the 
existent asphalt layers.   

In order to calculate the moduli of the existent asphalt layers the following steps 
have been completed: 

• weighted annual air temperature according to Shell Method (WMAAT); 
• divided the entire section into homogeneous subsections; 
• evaluation of the stiffness moduli from FWD survey.  

2. WEIGHTED ANNUAL AIR TEMPERATURE ACCORDING TO 
SHELL METHOD (WMMAT) 

To take into account the effect of the temperature on the stiffness modulus, the 
Shell method has been adopted. 

In order to take into account the influence of the local thermal conditions, the 
temperature data recorded in the region were used. 
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Figure2.  Pavement structure 

Variations in ambient temperature have strongly influence the asphalt properties. A 
procedure has been developed by Shell, for the design purposes, a "weighted" 
Mean Monthly Air Temperatures (WMMAT) for a given location. 

Average monthly air temperatures were registered near Porto and are presented in 
Table 1: 

Table 1. Average monthly air temperature 

Month Monthly average 
temperature (MATi) 

January 11,3°C 
February 12,2°C 
March 14,5°C 
April 15,3°C 
May 17,7°C 
June 20,4°C 
July 22,5°C 
August 23,3°C 
September 22,6°C 
October 19,8°C 
November 15,6°C 
December 12,4°C 

 

Weights factors are computed using the following relation: 

  (1) MAT
i ew 1296.00723.0 ⋅=

and the results are presented in Table 2. 
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Table 2. Computed weights factors 
Month Weigth factor (wi) 

January 0.313 
February 0.351 
March 0.473 
April 0.525 
May 0.717 
June 1.017 
July 1.335 
August 1.481 
September 1.353 
October 0.941 
November 0.546 
December 0.361 

 
 

 

The total weighting factor (TWF) is the sum (2) of the monthly weighting factors: 

  (2) ∑
=

==
12

1

413.9
i

iwTWF

The average weighting factor (AWF) is the total weighting factor divided by the 
number of months in a year. 

 784.0
12

==
TWFAWF  (3)  

The weighted mean annual air temperature (WMAAT) is computed with the formula 
below. The result is rounded to the nearest integer number. 

 386.18257.20)ln(7068.7 =+⋅= AWFWMAAT  (4)  

Thus, for this region the WMAAT is  18ºC.  

3. HOMOGENEOUS SUBSECTIONS 

The homogeneous subsections have been established using the deflection measured 
with the FWD, under the loading plate as the most important parameter.  

Based on the FWD test and after computing and analyzing the recorded data, the 
entire section was divided into homogeneous subsections.  

FWD data were processed and counted in order to be treated as representative.  
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For each subsection a representative deflection bowl has been drowned, using the 
85 percentile. The representative deflection bowl is the one which best fits the 85 
percentile theoretical deflection bowl. 

Table 3 shows how each direction was divided into homogeneous subsections.  

Table 3. Kilometric position of homogeneous subsections 
 

                             
Famalicão - Guimarães  Guimarães -  Famalicão 
A 0 → 1+340 m C 0 → 0+640 m 
B 1+340 → 1+980 m D 0+640 → 1+980 m 

 

 

In Table 4 are presented the representative deflection for each subsection. 

These results confirm the results obtained from the surface state: the section A, 
(Guimarães – Famalicão, kilometric position 0+000 to 1+340) that presented less 
distress than the other sections also has the smaller deflections. Figure 3 also shows 
that the most damaged section is section C (Famalicão – Guimarães, kilometric 
position 0+000 to 0+640). 

In Figure 3 the deflection bowls for each section are presented.  

From the surface state assessment it was drawn the conclusion the section C that 
presented alligator cracking, longitudinal cracking and ravelling, all high severity, 
was the most damaged section from this road. 

 

 

Table 4.  Representative deflections on each homogeneous subsection 

 Sensors [mm] 0 300 450 600 900 1200 1500 1800 2100 
Average 323.6 262.5 225.8 192.9 132.5 92.3 63.3 46.6 35.3 
standard deviation 70.4 53.8 44.9 37.6 25.9 18.3 12.5 9.1 6.9 A 
rep. deflection (85%) 396.5 318.3 272.3 231.8 159.4 111.3 76.3 56.0 42.4 
Average 386.7 311.0 266.8 228.6 157.9 111.1 76.5 56.7 42.3 
standard deviation 98.1 68.2 54.7 43.2 27.1 17.9 11.6 8.6 6.7 B 

rep. deflection (85%) 488.3 381.7 323.6 273.3 186.0 129.7 88.6 65.6 49.3 
Average 554.2 427.9 354.1 288.2 182.9 119.0 78.7 58.1 42.9 
standard deviation 171.9 122.6 93.7 65.1 34.0 19.2 12.0 7.9 5.9 C 
rep. deflection (85%) 732.4 555.0 451.2 355.7 218.2 138.9 91.1 66.3 48.9 
Average 391.9 302.9 254.7 213.5 138.5 93.2 62.1 44.6 33.3 
standard deviation 130.0 81.4 60.9 45.0 21.7 13.1 7.2 5.0 3.7 D 

rep. deflection (85%) 526.6 387.3 317.8 260.1 161.0 106.8 69.6 49.8 37.1 
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Figure3. Representative deflection bowls for each road section 

4. EVALUATION OF STIFFNESS MODULI FROM FWD SURVEY 

In order to evaluate the stiffness moduli for each layer from homogenous 
subsection, representative deflections were used as input data into Elmod 5 
Dynatest software and initially stiffness modulus have been obtained. Then the 
stiffness moduli were optimized in Bisar3.0 Shell Software with assumption of an 
1500MPa stiff layer with a depth of 1,5m below the subgrade in order to increase 
accuracy and eliminate linear behavior of the subgrade. Temperature of asphalt 
layers during surveys was 16ºC and the moduli must be corrected for the design 
temperature 24,5º C. 

4.1. Main Principles of the BISAR Software 
With the BISAR computer program, stresses, strains and displacements can be 
calculated in an elastic multi-layer system which is defined by the following 
configuration and material behavior: 

1. The system consists of horizontal layers of uniform thickness resting on a 
semi-infinite base or half space. 

2. The layers extend infinitely in horizontal directions. 
3. The material of each layer is homogeneous and isotropic 
4. The materials are elastic and have a linear stress-strain relationship. 

The system is loaded on top of the structure by one or more circular loads, with a 
uniform stress distribution over the loaded area. The program offers the possibility 
to calculate the effect of vertical and horizontal stresses and includes an option to 
account for the effect of (partial) slip between the layers, via shear spring 
compliance at the interface.  
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BISAR calculations require the following input: 

• the number of layers 
• the Young's moduli of the layers 
• the Poison's ratios of the layers 
• the thickness of the layers (except for the semi-infinite base layer) 
• the interface shear spring compliance at each interface 
• the number of loads 
• the co-ordinates of the position of the centre of the loads 
• one of the following combinations to indicate the vertical normal 

component of the load 
• stress and load 
• load and radius 
• stress and radius. 

The centre of the loads and the positions at which stresses, strains and 
displacements have to be calculated are given as co-ordinates in a fixed Cartesian 
co-ordinate system. 

The program calculates the eigen values and eigen vectors of the stress and strain 
tensors, the principal stresses and strains and the corresponding principal 
directions. The maximum and minimum principal values represent the maximum 
and minimum normal stresses and strains.  

The detailed output comprises the following information for each selected position 
in the structure under consideration: 

• for each load separately (all expressed in terms of the cylindrical co-
ordinate system for the loading): 

• the components of the stress tensor (normal and shear) 
• the components of the strain tensor (normal and shear) 
• the components of the displacement vector for the combined action of all 

loads (all expressed in terms of the fixed Cartesian co-ordinate system; 
• the components of the stress tensor (normal and shear); 
• the components of the strain tensor (normal and shear); 
• the components of the displacement vector; 
• the principal values and directions of the stress tensor; 
• the principal values and directions of the strain tensor; 
• the maximum shear stresses and strains; 
• the midpoint of the Mohr's stress circles; 
• the strain energy of distortion; 
• the total strain energy. 

These initial stiffness moduli were used afterwards in the “Bisar3.0 Shell 
Software” as input data. The principle was to change the stiffness moduli, so that, 
the deflection bowl matched, as good as possible, with representative deflection 
bowl.  
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In the fallowing sections the stiffness moduli has been calculated for three 
following layers: 

• Asphalt layer 
• Granular base 
• Subgrade. 

4.2. Evaluation of stiffness moduli 
In Table 5 are presented the values of stiffness moduli obtained from Bisar 3.0, 
moduli that led to deflections that matched the representative deflections bowls for 
each section. 

Because the temperature when the FWD test was performed was 160 C and the 
design temperature is 24,50 C, a correction of stiffness moduli is required. This 
correction has been performed using equation (5), suggested by various 
bibliographic sources: 

                     
2

1

2

1

0317,0635,1
0317,0635,1

T
T

E
E

T

T

⋅−
⋅−

=  (5)  

for asphalt concrete layers [3].                                                 

Table 5. Stiffness moduli for each section 
Stiffness moduli Thickness  

Poisson's 
Ratio Section A Section B Section C Section D 

0,24 0,35 5000 3700 2100 2700 
0,20 0,40 220 220 100 165 
2,00 0,45 60 50 46 62 
 0,35 1500 1500 1500 1500 

(m) 

 

 

In Table 6 the stiffness moduli for asphalt layers, after temperature corrections 
from 16ºC to 24.5ºC, are presented. 

Table 6. Final stiffness moduli after temperature corection 
Stiffness moduli 
Section A Section B Section C Section D 
3805 2816 1598 2054 
220 220 100 165 
60 50 46 62 

 

 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 99 
 

In Table 7 the deflection obtained with stiffness moduli before temperature 
corrections, using the Bisar 3.0 program, are presented. 

 

Table 7. The deflections corresponding to stiffness moduli 
Distance 

loading 
Section A Section B Section C Section D 

(m) Deflection 
(µm) 

Deflection 
(µm) 

Deflection 
(µm) 

Deflection 
(µm) 

0,0 395,4 485,8 720,0 518,1 
0,3 316,2 383,0 542,6 384,9 
0,5 274,0 330,2 454,8 321,2 
0,6 233,6 280,2 374,5 263,6 
0,9 162,6 193,3 241,8 169,7 
1,2 106,9 125,9 146,1 102,8 
1,5 65,7 76,5 80,9 57,5 
1,8 36,8 41,9 38,8 28,4 
2,1 17,3 18,9 12,9 10,5 

from 

 

Figure 4 presents both the representative deflection bowl and the one obtained with 
Bisar for section A. 
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Figure 4. Comparison between representative deflection bowl and Bisar deflection bowl- 
Section A 
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In Figure 5 are presented both the representative deflection bowl and the one 
obtained with Bisar for section B.  
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Figure 5. Comparison between representative deflection bowl and Bisar deflection bowl- 
Section B 

In Figure 6 are presented both the representative deflection bowl and the one 
obtained with Bisar for section C. 
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Figure 6. Comparison between representative deflection bowl and Bisar deflection bowl- 
Section C 

In Figure 7 are presented both the representative deflection bowl and the one 
obtained with Bisar for section D. 
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Figure 7. Comparison between representative deflection bowl and Bisar deflection bowl- 
Section D 

5. CONCLUSIONS 

Throughout Europe the FWD data is widely used for the evaluation of structural 
conditions of road pavements at project level with a wide range of different 
approaches [1].  

Although the working hypothesis of elastic multi-layer system  programs such as 
Bisar 3.0 are simplifying the actual field situation, they can be easily in 
successfully used to back-calculate the pavement system layers’ moduli and 
provide data that should always be correlated with field observations and 
laboratory tests. 
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HORIZONTAL BRACING 
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Abstract 
 

The paper presents the calculus of rigidity at lateral displacement of the transverse 
semi-frames of the metal bridge superstructures with braced girders by considering 
the influence of all the truss members that form nodes at the level of the 
compressed girder flange and which constitute elastic supports that resist the 
lateral buckling of the flange. 

KEYWORDS: CHORD BUCKLING, TRANSVERSE SEMI-FRAMES, SEMI-
FRAMES RIGIDITY. 

1. INTRODUCTION 

In the case of superstructures of metal- truss bottom-way bridges, without upper 
bracing, the bars of the upper flange of the main girders are joined in nodes that are 
not allowed to move in the girder plane and can only do it only when normal to the 
girder plane. Consequently, if the buckling of the compressed flange is analysed 
when normal on the girder plane, this can be considered a continuous, compressed 
beam, elastically supported at the side of the nodes made by the trusses of the 
girders (stanchions and diagonals), and the buckling strength depends on the 
stiffness of these supports. 

This issue was analysed by S.P. Timoshenko [5.1] in the wider frame of the 
buckling of continuous beams placed on elastic supports. The solution assumes the 
writing of several condition equations that take into account the displacement 
resistance of the supports and which, in the case of the compressed flange of the 
braced girders, is given by the rigidity of the transverse semi-frames   made up of 
the bridge superstructure components. 

The currently used trusses used in the metal bridge superstructures are those with 
diagonals in a simple triangular system (Fig.1a) and with diagonals in a triangular 
system with additional stanchions (Fig. 1b) which results in three types of 
transverse semi-frames which play the role of supports of the compressed flange 
and whose displacement resistance must be known in order to analyse the flange 

mailto:constantinjantea@yahoo.com
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stability (Fig. 2). The types A and C semi-frames occur in two variants, depending 
on whether they are current or end ones. 

In the Romanian Code SR 1911 – 98 the analysis of the compressed flange stability 
is made only for the type of truss girders shown in Fig. 1b and the displacement 
resistance of the type B truss semi-frames (the influence of the diagonals is not 
accounted for), with the relation: 

 

m

3
o

a
a

2
o

EI3
h

I2
bh

EH

+

=  (1) 

E  – elasticity modulus of steel; 

oh – height measured from the compressed flange centroid to the cross girder 
section centroid; 

ab – distance between the braced girders axes; 

aI ,  – inertia moment of the cross girder and stanchions, respectively. mI

 

When the transverse semi-frame is provided with reinforcements in the 2nd term of 
the   denominator in relation (1), oh  is replaced by , the height measured from 
the centroid of the compressed flange to that of the reinforcement.  

vh

EUROCODE 3 provides, in addition to SR 1911 – 98 the calculus of type A semi-
frames rigidity, according to the relation: 

 EI
DAB

D2BAH
2−

−+
=  (2)  

with: 

 

Figure 1. Truss girders used in bridges 
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Figure 2. Types of transverse semi-frames 
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Where the terms have the meaning (see Fig. 2 A1): 

I  – inertia moment of panel flange section under investigation in relation to the 
axis  situated in the girder plane; 

dsI ,  – inertia moment of diagonal section from the left of the panel and its 
right, respectively, in relation to the axis situated in the girder plane; 

ddI

asI ,  – inertia moment of the cross girder section from the left of the panel and 
the right of it, respectively; 

adI
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tsI ,  – torsional rigidity of the flange on the left side of the panel and on its 
right, respectively.  

tdI

2. MEASUREMENT OF STIFFNESS IN TYPE C TRANSVERSE SEMI-
FRAMES 

As the two Codes do not analyse the rigidity of a type C truss semi frame 
(combination of A and B types members), in what follows we will try to determine 
them, measuring, first of all, the flexibility δ of such a truss semi-frame. The type 
C semi-frame is analysed in the two variants, current semi-frame (C1) and end  
semi-frame (C2). The analysis enables us to determine what happens if we do not 
take into account the contribution of diagonals and stanchions of the truss semi-
frames in the increase of rigidity by comparison with the rigidity of type B truss 
semi-frames and type A ones, respectively. 

In order to determine the displacement δ  of the C1 semi-frame (Fig. 2), we will 
consider it as being loaded by two horizontal loadings H = 1 – the real loading state 
– to be followed by a horizontal loading P = 1 in one of the semi-frame ends – the 
auxiliary loading state. The bending moment diagrams from the two loading states 
are determined on the truss semi-frame bars, and, by using the Mohr – Maxwell 
relation, we get the flexibility δ which will serve in determining rigidity H [5.2]. 
The truss semi-frame rigidity is influenced, besides the bending stiffness of the 
truss frame bars, by the torsion rigidity of the flanges, which, because it is low, 
especially so in the case of the open sections, may be neglected. In doing the 
calculus we assume that the sectional characteristics of the truss semi-frame bars 
are known. 

In order to determine the diagrams of the bending moments on the truss semi-frame 
structure, the bending moment produced by H or P is distributed over diagonals 
and stanchion in their fixed section of their in the lower flange, proportionally to 
their relative bending stiffness values, thus resulting in , ,  (Fig. 3). 

 and  divide themselves in the bending moments in vertical plane  -  
and , respectively, and the bending moments in horizontal plane -  and 

, respectively. The bending moments , ,  are transmitted to the 
cross girders (the effect of the flange torsion being neglected), and the moments 

 and  are distributed and transmitted by Cross method to the end of the 
bars that make the horizontal plane frame (Fig. 4), which is part of the truss semi-
frame under investigation. 

s1M

d2M
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Figure 3. Distribution of bending moment produced by H = 1 

 
Figure 4. Bending moments in the horizontal frame 

 

The truss frame member in Fig. 4 may be calculated if it is considered to have 
fixed joints, having in view that the superstructure at the low flanges level is 
always provided with vertical bracings that confer it a very high bending rigidity in 
horizontal plane and the lateral displacements of the nodes are insignificant. The 
frame in fig. 4 was made up of 4 panels, although the rest of the deck panels could 
have been considered, as well, but the transmission of the bending moments to the 
other bars is insignificant, a calculus that was made taking into account that their 
contribution was not sensibly modified. In Figs 5 and 6 are presented the moment 
diagrams on the truss semi-frame under the actual and the auxiliary loading, with 
which, by using relation (3) we can obtain the flexibility of the truss semi-frame 
and then the rigidity. 
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iM ,  – bending moment on bar i from diagrams M and m, respectively; im

iEI  – bending  stiffness of bar i; 

  – theoretical length of bar i.   il
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3. CASE STUDY 

For the three types of semi-frames and their variants (current and end ones) of one 
and the same truss, knowing the geometric (length) and sectional (axial inertia 
moments) characteristics of the bars, a numerical calculus was used to determine 
their rigidity, using the three calculus variants – SR 1911 – 98, EUROCODE 3 and 
the analysis made under subheading 2. The results are presented in Table 1. 

Table 1. Numerical values of semi-frames rigidity 

 
 
 

 

Figure 5. Moment diagram from loading H = 1 
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Figure 6. Moment diagram from loading P = 1 

4. CONCLUSIONS 

4.1. The resistance to lateral buckling of the compressed chord of the metal 
bottom-way truss bridges superstructure without vertical bracing depends on the 
magnitude of the rigidity to lateral displacement of the truss semi-frames, formed 
by truss members, cross girders and bottom chords which are elastic supports for 
the compressed flange. 
 

4.2. The Romanian Code SR 1911 – 98 stipulates the value of the rigidity to lateral 
displacement of a semi-frame made of a cross girder and the corresponding 
stanchions (semi-frames no 1 and 4, Table 1), without taking into account the 
influence of the diagonals on rigidity. 
 

4.3. The EUROCODE 3 stipulates the value of rigidity to lateral displacement of a 
semi-frame made as mentioned in 4.2, or made of cross girders and diagonals 
(semi-frames no 2 and 5, Table 1) 
 

4.4. As none of the two codes is concerned about the value of semi-frame rigidity 
when the influence of both diagonals and stanchions is considered, the present 
paper has determined the rigidity of this type of semi-frame (semi-frames no. 3 and 
6, Table 1), after having measured their flexibility by Mohr-Maxwell method. 
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4.5. The numerical calculus of rigidity for the three types of semi-frames of a 
superstructure with identical characteristics yields the following: 

If the influence of diagonals on semi-frames rigidity is not considered, the rigidity 
undergoes a significant reduction, from 759 daN/cm to 286 daN/cm for a current 
semi-frame, and from 814 daN/cm to 345 daN/cm for an end semi-frame. 

- If the influence of the stanchions on semi-frames rigidity is not considered, the 
parameter will undergo a slighter reduction as compared to the above-mentioned 
values, i.e. from 759 daN/cm to 410 daN/cm for a current semi-frame, and from 
814 daN/cm to 509 daN/cm for an end semi-frame. 

- If we compare the rigidity value of a semi-frame made of cross girders and 
diagonals (semi-frames no.2 and 5, Table 1), calculated with the relations from 
EUROCODE 3 and the method developed in the present paper, that is 410 daN/cm 
and 504 daN/cm for a current semi-frame and 509 daN/cm and 635 daN/cm for an 
end frame, there results an error of approx. 24% in both cases.  
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1. INTRODUCTION  

Scratching of the plate under the influence of spreading tensions that influences a 
stiffness of the plate considerably becomes an essential question in projecting of 
cracked constructions. The condition of the scratch is qualified by a drawing 
moment, the average span of scratches and also the obtusity of cross sections. 
These random sizes with a large dispersion of results are due to heterogeneous 
endurance and the structure of the concrete.  

The process of micro-scratching of the concrete already begins during its 
maturation. The outlines running in the irregular and accidental way come into 
being.  

The most significant scratch of the concrete plate causes the burden of the cracked 
construction. Under the burden cramp outlines cause comes into being the large 
concentrations of tensions that lead to microscopical destructions in these areas 
while the tension in the whole material is comparatively low. The outlines remain 
stable, if the burden does not exceed a definite value of the border burden and then 
they begin to enlarge, both in the width and in their length [3]. The scratching of 
the plate can be both in the transverse direction (on the grounds of negative 
moments curving), as well as in longitudinal direction (on the whole length of the 
bridge). The article is an attempt to perform showed in EC 4 [1] possibilities 
regarding the stiffness of the sketched concrete in bridge constructions cracked.  

2. THE WORK OF THE COMPOSITE CRACKED CONSTRUCTION 

Analyzing the condition of a scratch of the plate of the platform three cases should 
be considered: 

▪ when the indifferent axis of the girder cracked crosses the plate of the bridge 
deck, 

▪ when the indifferent axis is laid far away from the deck plate that it can be 
recognized that tensions have got a constant value on the whole thickness, 

▪ when the position of the indifferent axis is indirect. 
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The third case, where the plate on the whole height is spread but significant 
differences of tensions for the scratch bottom and upper fibers, is the most 
common. It can be assumed that the stiffness of the section before appearing 
transverse scratches in the concrete plate is thought to be practically constant and 
equals the stiffness counted on the basis of full cooperation of steel and concrete 
part.  

Real behavior of the construction after the scratch is between a full cooperation of 
steel and concrete part and the work of a clean steel section (steel beam and the 
reinforced of the concrete plate). 

Exceeding the endurance of the concrete to the expansion causes the disturbances 
in the work of the beam cracked considerably faster increases of the bends are 
observed.  

The denial of regarding the contained concrete between scratches implicates 
incorrect opinion of the value of normal strength coming into being in the 
reinforced of the plate. The foundation of the partial co-operation of the contained 
concrete between outlines means the existence of the co-operation marks in the 
range II TS (fig.1) 

1 2 3

M cr M cr,ts M M z

max N s

N scr

1,3 N scr

N sts

II Ts

 
Figure 1. Dependence of the moment Mz on the concrete and steel part in the scratch of the 

concrete 
 

In the work of the sketched cracked plate it may happen that the sketched 
previously concrete plate is a subject to the squeezing tensions. According to 
conducted investigations [3] the sketched concrete plate does not cause decrease of 



112 M. Łagoda, K. Fordoński  

the carrying capacity of section cracked after the change of the sign of the bending 
moment. However, there can be in insignificant decrease of the stiffness of the 
beam.  

The growth of the moment bending Mz brings the rise in spread fibers of the 
concrete plates of concrete normal strength Nscr, creating the first scratch. It is 
corresponding value of f moment is marked as Mcr. The farther growth of the 
moment causes the formation of next scratches, until the moment of the value 
Mcr,tsis achieved. As a result of the dispersion of the value of endurance on the 
expansion, normal strength enlarges its value from Ncr to 1,3Ncr. Certain 
discontinuities appear out in this range and they are connected with the scratch of 
the section, and also with breaking off the adhesiveness of the reinforced on the 
length and decrease of the co-operation of the concrete with arms steel. The local, 
gradual falls of stiffness are the effect of this, and the curvature of the beam should 
theoretically be an effect of the gradual changes. 

3. EFFECT OF STIFFNESS OF BRIDGE CONCRETE ELEMENTS  

The Eurokod ENV 1994 - 2 allows to consider the effect of stiffness while 
spreading the element from concrete (the crib sheets of bows, the elements of 
grates) with using the graph "the strength the normal-deformation" (section A), 
(fig.2.) [1, 2]  In fig. 2. three areas can be distinguished . The area „A” shows the 
behavior of the not sketched section, area „B” shows behavior in the initial state of 
forming the scratch and area „C” the behavior in the stabilized state.  

In the area “A” i.e. on not sketched section 0 < Ns < Ns, m we have: εsm =εs1, 
however, in the initial area of forming the scretch „B”, in which Ns, cr < Ns < Ns,m, 
we can write down: 

 
( ) ( )

( ) ( 12
,,

,,
2 srsr

crsms

smscrss
ssm NN

NNNN
εε )β

εε −
−

−+−⋅
−=  (1) 

but in the stabilized area the scratch „C”, where (Ns, m < Ns < Ns,y) the deformations 
are presented by means of the formula: 

 εsm = εs2 - ( )β ε ε ε β ε⋅ − = − ⋅sr sr sr sr2 1 2 ∆  (2) 

where: 

εs1 is the deformation of the reinforced in the not sketched state, 

εs2 is the deformation of the reinforced in the sketched state with the omission 
of the stiffness spread in the concrete between the scratch, 
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εsr1 is the deformation of the reinforced in the not sketched state, witch the 
strengths forces, achieving the mean value fctm of endurance too the 
expansion. In the case of spread elements with additional, bending local 
moments from solid and movable burdens (e.g. platforms in the crib sheets 
of curved bridges), causing the tensions in the same direction as normal 
strengths, value 0,7fctm, can be introduced instead of the endurance to 
stretching fctm. 

εsr2 is the deformation of the reinforced near the scratch under drawing 
strengths, achieving fctm (if internal forces are lower than/or equal to 
drawing strengths, then εsm = εsm), 

σsr1 is the tension of the reinforced in the scratch, when the first scratch is 
formed, 

σsm is the tension of the reinforced in the scratch, when the stabilized 
arrangement of scratches is formed, 

σsm = 1,3σsr1 can be introduced when there is a lack of full information  

Ns, cr is the strength in the scratch, when the first scratch Ns,cr = sr1As is formed, 

Ns, m is the strength in the scratch when the stabilized arrangement of scratches 
is formed,   

Ns,m = 1,3Ns,cr can be taken when there is a lack of full information,  

β = 0,40 for deformed rods, 

fsk = is a characteristic border of plasticity. 

 
Figure 2. Normal force and mean strain for reinforced concrete tension members 
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4. THE EFFECT OF THE STIFFNESS OF THE CONSTRUCTION 
CRACKED WITH THE SPREAD CONCRETE PLATE 

EC4 – 2 should be used to determine the bending composite spread elements 
caused by the deformation of the main construction (but not by local vertical 
strength) and they can be calculated by multiplication of bending stiffness of a 
reinforced element, not scratched, by the ratio of its longitudinal stiffness EAeff  to 
its stiffness EA of non stretch part. Longitudinal stiffness EAeff is given as EAeff = 
Ns /εsm, where εsm is shown in fig 2. [1,2]. 

Moment M causing the expansion in the plate of the cracked section (fig.3) can be 
replaced by strengths Na and M and Ns and Ms working on the distinguished 
elements, where the moment Ms can be skipped in the spread element for the 
determination of Ns (Ms = 0). 

 
Figure 3. Contribution of internal forces to total bending moment M without shrinkage 

The moment M = Ma + Ns,a in the transverse section is distributed for the moment 
working in the steel part Ma and for normal strengths Na = - Ns working on the 
shoulder „A”. 

The influence of stiffness while spreading one value Ns can be determined by using 
line B of the graph "strength - the deformation" showed in fig. 2 when there is a 
lack of a more precise method. The drawing moment Mcr, is the moment at the 
beginning of the phase of forming the initial scratch, and Mcr,ts, is the moment at the 
beginning of the stabilized arrangement of the scratch. The internal strengths, 
influencing the transverse section before the formation of the scratch, resulting 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 115 
 

from the isostatic effect of the cramp and from the drawing moment Mcr- was 
showed in (fig .4)  

 
Figure 4. Definition of cracking moment Mcr, region A taking into account shrinkage 

 
The moment Mcr is the drawing moment, causing not only isostatic effects from the 
cramp but also additional tensions in the extreme fibers of the concrete, the 
achieving reaching mean endurances of the concrete on the expansion of fctm. 

 
Normal internal strengths in the concrete part, caused by the cramp and the 
drawing moment Mcr are determined in ENV 1994-2 as internal strengths Ns,cr (fig. 
4 and fig.5). 
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Figure 5. Internal forces of the individual cross-sections for single craking 

For compressed sections with strings, internal normal strength Nscr should be 
calculated with regard to the isostatic effects of compressing. 

It can be assumed that a single scratch causes the moments not larger than Mcr,ts. 
Fig. 5 shows that internal normal strength in the concrete part is Ns= Nso + N s,ts  is 
equal Ns,cr so the moment at the beginning of the stabilized arrangement equals  

 M
I

A zs

2

2⋅
 (3) cr,ts = [Ns,cr - ∆Ns,ts]. 

where : 

I2       is the moment of the inertia of the cracked part not taking into consideration 
concrete,  
z2,    is the distance between the central axises of the scratched part with the 

moment of inertia I2 and the centre of reinforced 
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In the condition of the single scratch it can be assumed, that the normal internal 
strength Nscr caused by the cramp and the curving moment M larger than Mcr are 
contained. The reduction of isostatic effects from the cramp, caused by scratch of 
the concrete, can be accepted in received in a linear form of the reduction of 
strength Ns,ε and the moment of curving Ms,ε (fig. 5). 

Internal strengths stabilized the scratch in elements result from the addition of 
sectional internal strengths in the state, caused by Msd, definite on the cracked part 
(Nso, Mso, Mao, Nao) with the omission of concrete and additional internal strengths 
∆Ns,ts, ∆Na,ts and ∆Ma,ts, caused by the stiffness spreading, according to (fig .6) 

 
Figure 6. Internal forces of the individual cross – section for the stage of stabilized craking, 

region C 

 
 N Nso + ∆N s,ts s = 

 ∆Νa,ts = - ∆Ns,ts 

 ∆Has, ts =  ∆Ns,tsa 
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Additional normal strength ∆Ns,ts in the concrete part, as the result of stiffness 
during the expansion, for bridges without strings compressing is given by: 

 ∆Ns,ts= 0,4. 
f Actm s

s st

⋅
⋅ρ α

 (4) 

Additional normal strength ∆Ns,ts in the concrete part, as the result of stiffness 
during  the expansion, for bridges compressed with strings, is given by: 

 ∆Ns,ts= 0,4. 
( )f A A

eff
ctm s p

p st

+

⋅ρ α
 (5) 

where : 

fctm   is the mean endurance of the concrete to the expansion,  
As   is the surface of concrete steel in the area of effective width, 
Ap  is the surface the compressed steel in the area of effective width 
a  is the distance between the indifferent axis of the part of constructional 

steel  and not scratch part of reinforced concrete, 
effρp  is the effective ratio of the reinforced. 
The main effects of the cramp can be skipped in the stabilized scratch state. 

5. CHECKING THE CONSTRUCTION BECAUSE OF THE ORDERING 
CONDITIONS OF THE SCRATCH ACCORDING TO THE NORM 
ENV 1994-2 

Spreading tensions in the usual reinforcement caused by rare combinations of 
influences should not exceed 0,8 fsk (fsk - the characteristic border of plasticity of 
steel). [1,2]  

The scratch should be limited to the level assuring a proper functioning and the 
durability of the construction. The limitation of the opening of the scratches to the 
accepted width and avoidance of the uncontrolled scratch among wide spaced rods 
should be reached by the application of the suitable quantity of the reinforcement 
with full adhesiveness, assuring in the case of appearing single scratches the 
springy work of the reinforcement. The minimum degree of longitudinal 
reinforcement disposed near the surface of the concrete subjected to larger 
deformations should fulfill the condition:  
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 ρs= 0,9. 
s

ctmc fkk
σ

⋅⋅
 (6) 

 k 0,3,
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10 ≤+  (7) c = 

where: 

ρs is the ratio of the surface of the usual steel to the surface of the zone of the 
spread part of the considered transverse section: ρs = As / Act, 

hc is the thickness of the concrete plate, 
zo is the vertical distance between the centre of the non - scratched surface of  

non reinforced concrete shelf and non - scratched, non reinforced 
composite section, counted with the utilization of the ratio of modules to 
for the short-termed effects Ea/Em. 

 
k = 0.8, 
fctm is the mean value of the endurance of the concrete for the expansion, 
σs is the tension in the section of the minimum reinforced and can be enlarged 

by the coefficient: 
 

 η = f fctm ctm/ *
 (8) 

where: 

 fctm = 2,5 N/mm2, 
f*ctm   is the current endurance of the concrete for the expansion assuming that  σσ 

should not exceed kfsk. 
 

Spreading tensions in the reinforcement should be defined by the springy analysis. 
The effect of stiffness during the expansion in the cracked section increases the 
spreading tension which influences the scratch dependent on the value σs.  

6. CONCLUSION 

In the hitherto existing project practice the stiffness of the scratched plate of the 
bridge deck under the influence of spreading tensions has seldom been taken into 
consideration, in this way decreasing considerably theoretical durability and the 
computational stiffness of bridge constructions. The effect of stiffness near the 
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expansion in the cracked section increases the spreading tension that has the 
influence on the scratch dependent on the value ss. The limitation of the 
phenomenon of scratching the plate can be done by applying a suitable amount of 
the reinforcement.  

The European Norm ENV 1994 - 2 [1] concerning the designing of composite 
bridge constructions takes into account the effects of spreading stiffness in the 
decks of composites bridges, making possible the solution of the problem of 
scratching the plate, what in consequence gives a possibility of obtaining cheaper 
solutions during the strengthening of old and building new composites bridges. 
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Summary 
All European countries are rich of monumental buildings and there is a 
considerable amount of existing residential masonry buildings in rural areas. It is 
frequent that old historical masonry structures present significant level of damage 
and must be repaired. In fact, conservation, rehabilitation and strengthening of the 
built heritage and protection of human lives are clear demands of modern 
societies, (Lourenço, 2000). This requires the identification of deficiencies and of 
damage of existing structures and appropriate intervention techniques. Numerical 
modelling of masonry structures is an essential tool of evaluating the damage 
extent and a basis for a decision about the design of appropriate remedial 
measures. 

The paper addresses the scope of numerical analysis of ancient masonry 
structures. The numerical modelling intends to assess the stability conditions of the 
façade of the Cathedral of Porto dated from the middle of the 12th century. 

Although no important visible cracking is present, the deep decay of the granite 
stone and corrosion of steel bars that connect the stone pieces can induce stability 
problems of the local salient elements of the façade. Thus, the advanced nonlinear 
numerical intends to obtain a safety factor that enables to assess the safety level of 
the façade. In order to obtain such goal, the numerical modelling is performed with 
the help of a commercial finite element software program DIANA. The lack of 
information about the stone material properties is overcome from available 
information given in (Vasconcelos, 2005) for different types of granite.  

1. INTRODUCTION 

The Cathedral of Porto, as it is found today, is hybrid and frozen in a perpetual 
past, where re-combinations or architectural redesign seem hardly acceptable is the 
near future. In fact, the cathedral is a result of the previous restoration that 
represents today the real self of the cathedral, transformed into a monument. This is 
forged identity that cannot be considered a minor representation of the strength of a 
specific cultural period.  
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The restoration works carried out on the Cathedral during 20thcentury are mostly 
concentrated in the towers and the roofs and façades in the west and south wings. 

The central façade is composed by several salient elements, namely a central 
balcony and two lateral pinnacles, see Figure 1. The advanced degradation state of 
the granite, of the columns below the referred structures, led that an auxiliary 
structure of protection has been placed in order to avoid injury of people. This 
issue represents the main reason for the need of assessment of the stability 
conditions of the main salient structural elements of the façade: the balcony and the 
pinnacles. 

 

 
Figure 1: View of the two salient elements from the central part of the main façade of the 

Cathedral 

2. DESCRIPTION AND ASSESSMENT OF THE DEGRADATION 
STATE OF THE TWO SALIENT STRUCTURAL ELEMENTS   

The balcony substructure consists of an almost semi-circular slab, made of granite 
ashlars that seem to be bounded together with iron dowels. The slab rests on three 
ribs, also from granite, a central one and two marginal, that have the function of 
increasing the elements´ stiffness. The loads that the balcony has to undertake 
come from the massive granite balustrade transferred to the slab by the seven 
granite columns that also seem to integrate steel dowels, see Figure 2. 
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Pinnacles are massive granite elements, but is difficult to see whether the ashlars 
are connected with steel dowels or not. The principal structural element of these 
assemblies is the shell that takes over the loads from the two picks and transmits 
them to the columns, see Figure 3. 

Even if no important cracking is observed on these elements, granite seem to 
constantly loose from its mechanical properties, probably due to weathering, that 
may result from the variation of the moisture content of the granite due to the 
existing water in the atmosphere (considering also that the cathedral is situated 
close to the Douro river), aging of the stone, pollution etc. together. 

 

 
Figure 2: Details of connection of the stone in the balcony’s balustrade and in the structures 

ashlars 

As shown in the Figure 3  below, not only that the stone presents a grey spotted 
surface, but some physical and chemical actions seem to deteriorate the granite to 
its surface determining scouring and superficial breaking off, and also in the 
material’s structure  leading to higher porosity and also lower mechanical 
characteristics (strengths). 

It is probable that the pinnacles stone ashlars were connected to the battlement by 
mortar joints and iron dowels. However, presently a detachment of the pinnacles 
form the battlement is observed which can be attributed to deterioration of the 
mortar joints and corrosion of the steel bars. This can affect the way in which the 
deformation of the structure occurs. This fact must necessarily be considered on the 
geometry model of this structure in terms of proper boundary conditions, see 
Figure 4.  

Where structures have been altered, differences on the behaviour of the different 
periods of masonry may produce signs of distress.  

For investigating the degradations that occur to the salient elements of the façade, a 
GPR inspection was performed and is described in the section below. 
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Figure 3: Deterioration of the granite – details in the slab, pinnacles, and columns  
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Figure 4: Detail of the detaching of the pinnacles structure from the battlement; see also the 

iron dowels on the back of the elements connecting the granite ashlars 

 
GPR inspection of the salient elements of the façade of the Cathedral of Porto 

The geotechnical radar inspection was used in the inspection of the Se do Porto 
Cathedral. The principal objective was to detect the steel connectors that connect 
the various stone elements that constitute the church façade. The inspection was 
performed to the central balcony for the pavement and the lateral battlements.  

Generally, relative short radar profiles were obtained, due to the small dimensions 
of the testing places.  

The balcony is composed of overlapped stone ashlars, fixed to the wall and 
supported, in the inferior part by stone ribs that seem to be connected with metallic 
dowels. The metallic connectors that may be seen to the surface of the balcony 
remained uncovered because of the corrosion that, due to the volume increasing 
disintegrated the stone covering layer. The objective was to detect the steel 
connectors (visible or not) that existed in the elements. The lateral battlements 
were also investigated, see Figure 5, Figure 6.  
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(a) (b) 

Figure 5: Central balcony: (a) inferior ribs that support the slab, (b) presence of steel 
connectors in the balcony’s slab 

 

 
Figure 6: Left battlement from the facade of the Cathedral of Porto 

 

On the superior face of the balcony were performed various radar profiles, 
longitudinal (parallel to the façade) and transversal profiles (perpendicular to the 
façade). It was observed that the ashlars are not connected to the wall, by aid of 
steel connectors. The only steel connectors detected were, generally, the ones that 
were visible to the surface of the balcony’s surface.  

The principal results of the inspection may be seen in the Figure 7. These profiles 
are visible of around 5.5 ns as reference hyperboles of the ribs that support the base 
of the balcony. Between the supporting ribs around 4.2 ns was detected.  The 
average propagation velocity was computed of around 11.5 cm/ns, that is the 
normal value for the granite stone. It was not detected any signal to prove fissures 
or any other deteriorations.  
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 joint steel connector High intensity signal 
derived, possibly,  
from a more open 

horizontal  joint 
interference caused by a 
possible existent metallic 
connector at the surface 

of the balcony 

 
 
 

supporting ribs 

Figure 7: Longitudinal radar profile at 15 cm from the facade’s wall 

 
 
 

 

steel connector

high intensity signal 
derived, possibly, 
from a more open 
horizontal  joint 

reduced signal due 
to the presence of a 

to the surface  
metallic connector 

 supporting ribs

 
Figure 8: Longitudinal radar profile at 40 cm from the façade’s wall 
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On the inferior face of the balcony were performed some transversal profiles to 
and between the ribs. In the Figures 9, 10 are shown the obtained profiles on two 
of the ribs that support the balcony. From both profiles it is possible to observe the 
thickness of the ashlars and the position of the steel connectors on the opposite 
surface (that corresponds to the inferior surface of the balcony). It is also possible 
to verify the presence of steel connectors in the depth of around 3 to 6 cm. 
 

surface of the rib 

steel connector 

 
Figure 9: Radar profile of the left supporting rib 

 

 

steel connector 

inferior face of the balcony 

Figure 10: Radar profile of the middle supporting rib 
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To the left side battlement were performed four tests, two horizontal and other two 
vertical. The existence of two steel salient elements that made the connection 
between two granite independent ashlars made impossible the radar inspection in 
that respective influence area. Even so, neither deficiency nor steel connectors 
were detected in this zone, see Figures 11, 12.  

 

 
Figure 11: Horizontal radar profile 

horizontal 

 
Figure 12: Vertical radar profile 
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As a remark concerning the results of the radar inspection, it is to be pointed out 
that material decay is brought about by chemical, physical and biological actions 
and may be accelerated when these actions are modified in an unfavourable way 
(for example pollution, etc.). The main consequences are the deterioration of the 
surfaces, the loss of material and, from the mechanical point of view, a reduction of 
strength. Conservation of the material characteristics is therefore an important task 
for the conservation of historic buildings and maintenance is the best way to fulfil 
this goal.  This is of particular importance because whilst 'to prevent' decay is 
usually possible, 'to repair' is often much more difficult and uncertain. 

2. STRUCTURAL ANALYSIS OF THE TWO SALIENT ELEMENTS OF 
THE MAIN FAÇADE OF THE CATHEDRAL OF PORTO 

Historic heritage buildings have complex geometrical shapes, as also happens with 
the two elements, the balcony and the pinnacles. For an as close as possible 
approximation of the shape, finite elements of type CHx60 (20 nodes brick 
elements) and CTP45 (15 nodes elements) were used to discrete the objects and to 
create the three dimensional finite element mesh to which nodes the computation 
will be performed.  

              
  (a)                                                                (b) 

Figure 13: CHX60 finite element – brick, 20 nodes and (b) CTP45 - wedge, 15 nodes 

The material model is a smeared cracking one, and is based  on a continuous type 
modelling of the problem where the possible existence or development of 
discontinuities is incorporated onto the stress/strain constitutive laws of the 
material, so that a generalized constitutive model is used for the fractured material 
that will be non-linear and with softening. Although this method may be used with 
a fixed FE mesh during the whole analysis, it usually brings associated a large 
number of material parameters. 
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The three dimensional geometrical models of the balcony and the pinnacles were 
carried out in AUTOCAD. Coarse meshes composed of quadrilateral and prismatic 
shape solid bricks were defined. This procedure was followed so that refinement of 
the mesh in DIANA could be easier.  

The boundary conditions considered to the salient structural elements under 
analysis aim at simulating the real connection conditions of these elements to the 
façade. Thus, for the balcony, the constraints were defined for all the surfaces from 
the edge where the slab is fixed to the wall. The constraint degrees of freedom were 
X, Y, Z translations, to describe the actual fixed connection, see Figure 14(a). 

For the pinnacles, the constraints were defined at the basis of the column and also 
of the shell, considering the X, Y, Z translations restrained, see Figure 14 (b). 

 
(a) 

         
(b) 

Figure 14: Final mesh and the boundary conditions for (a) the balcony and (b) the pinnacles 
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The material used in the construction of the cathedral and namely of the façade is a 
two mica medium grained granite. It is believed that it has a high weathering 
degree, having in view its yellow colour and from visible superficial detachments.  

Based on the simplified petrographical description  of the granite used for 
construction, the mechanical properties adopted were similar to the properties 
given by Vasconcelos (2005).  This author carried out an extended experimental 
characterization on distinct types of granite with different petrographical 
characteristics. For a weathered two mica medium grained granite the properties 
summarized in table below, were considered.  

Properties of PTA granites 
fc (N/mm2) E (N/mm2) ft (N/mm2) Gf (N/mm)
60.40 15008 1.56 0.234 

  
The properties were obtained from an extended experimental program. The 
compressive strength fc and Young modulus E were obtained from uniaxial 
compressive tests, whereas, the tensile strength, ft, and fracture energy, Gf, resulted 
from direct tensile tests. 

 

 
Figure 15: Stress-displacement diagrams for granite PTA on direction perpendicular to the 

foliation plane 

 
Both elements, the balcony and the pinnacles, were subjected quite to the same 
load types, basically their own weight. 
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For the loggia, the weight was defined as an external load, pressure acting on all 
upper horizontal surfaces. The loads were computed for each rib and its 
corresponding volume of the slab, considering the volume multiplied with the 
density of the granite of 2600 kg/m3. The weight of the massive balustrade was 
also applied to the balcony, on the edge, on the corresponding columns surfaces.  

For the pinnacles, it was more difficult to calculate by hand the applied loads, so 
that the own weight of the elements was considered for the density of granite of 
2600 kg/m3 and the gravity acceleration of 9.81 m/s2 acting downwards, in the 
negative sense of the global Z axis. The command is structured as PROPERTY 
LOADS GRAVITY SW ALL -9.81 Z, where SW is the name of the considered 
load and ALL means that the gravity is applied for all elements of the structure. 

Granite - linear isotropic material approach 

The only needed parameters used for the linear analysis were the Young modulus 
and the Poisson‘s ratio. The syntax from the data file used in the analysis is: 
'MATERI' 

1 YOUNG  15008E-01 
POISON 2.800E-01 

In the following, some of the results will be pointed out in order to make clear the 
the initial condition of the element. This analysis allows the understanding of the 
stress and strain fields and thus the detection of the possible critical points where 
maximum principal stresses occur.   

The stress distribution on the Y global direction, the maximum principal strains, 
the minimum principal stresses on deformed mesh and the stress diagram for the 
linear elastic approach are displayed from Figure 16. 

From the normal stress distribution presented in the Figure 16, it is observed that 
the maximum values appear at the support, where maximum bending moments 
occur. It is noted that in fact, the structure behaves as a cantilever.  

 
 

       
Syy stress distribution                     Maximum principal stresses 
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 Maximum principal strains deformed                      Minimum principal stresses on the   

                          shape of the balcony                                            

 
Stress diagram in the critical section 

Figure 16: Results from the linear analysis of the balcony 
 

As expected, the normal stress diagram along a cross section defined at the support 
is linear, see Figure 16. Tensile stresses occur at the upper part of the section, 
whereas the maximum normal compressive stresses occur at the inferior fibre. 

From the distribution of the maximum and minimum principal stresses it can be 
seen that low values of both tensile and compressive stresses are present, when 
compared with the mechanical strengths.  

Also for the pinnacles as for the loggia, the linear analysis is performed to 
emphasize the actual state of the salient elements of the cathedral’s façade and also 
as a preliminary step for running the nonlinear analysis. The results are posted 
below, in terms of displacements, stresses and strains, see Figure 17. 
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Szz stress distribution                               Maximum principal stresses 

 

         
Maximum principal strains deformed                      Minimum principal stresses on the  

                                                                                   shape of the pinnacles 

 

 
Stress diagram in a critical section 

Figure 17: Results from the linear analysis of the pinnacles 

 

 Granite - Smeared crack model with strain decomposition approach 



136 C.E. Lanivschi  

From the results of the linear analysis and based on the mechanical properties of 
granite, it is possible to observe that material nonlinearity should occur due to 
tensile cracking. In fact, similarly to concrete, the granite exhibits a much lower 
value of the tensile strength than the compressive strength.  

Therefore, the failure is expected to occur because of tensile stresses that might 
occur in the upper fibres of the loggia and in the shell belonging to the pinnacles 
substructure.  Thus, for modelling the behaviour of the granite, a smeared cracking 
model was considered and is described below. 

Cracking is specified as a combination of tension cut-off, tension softening and 
shear retention.  

The fundamental feature of the decomposed crack model is the decomposition of 
the total strain ε into an elastic strain ε 

e and a crack strain ε 
cr: cre εεε += . 

Granite is modeled as a combination of constant tension cut-off, linear tension 
softening and constant shear retention, see Figure 18. Mode I fracture energy is 
released in the element if the tensile stress is violated and the deformations localize 
in the element – the results depend on the mesh refinement.  

 
            

 
Constant tension cut-off                                                      Linear tension softening 

Figure 18: Granite model 

Some various nonlinear analysis of the balcony was run, for a better description of 
the element’s behaviour.  Thus, the first nonlinear analysis was run for a 
total load factor of 3.5 and a maximum number of iterations of 40, having as results 
only partially open cracks. So, a bigger total load factor had to be considered and 
the second nonlinear analysis was performed, with a increasing of load factor until 
4.8. The balcony was close to failure, but the complete collapse of the structure 
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was achieved for the 4.89 maximum load factors and 450 maximum numbers of 
iterations. 

The syntax of the final command file of the balcony nonlinear analysis is presented 
herein, so that a better view of the load steps considered in computation to be 
available to the reader. 
BEGIN EXECUT 
BEGIN LOAD  
  LOADNR=1  
  BEGIN STEPS  
   BEGIN EXPLIC  
    SIZES 1.0 0.1(38) 0.01(6) 0.001(50) 
  END STEPS 
  SAVE ALL 
END LOAD  
     BEGIN ITERAT 
        METHOD NEWTON REGULA 
        MAXITE=450 
        LINESE ETAMAX=1.0 ETAMIN=0.1 PSI=0.8 DETA=0.1 MAXLS=10 
       BEGIN CONVER 
        SIMULT 
        FORCE  NEWREF CONTIN TOLCON=0.0001 TOLABT=1.E+4 
        DISPLA NEWREF CONTIN TOLCON=0.0001 TOLABT=1.E+4  
        ENERGY NEWREF CONTIN TOLCON=0.0001 TOLABT=1.E+4 
       END CONVER 
      END ITERAT 
END EXECUT 
*END 
 
The first crack appeared for a load factor of 1.8, emphasizing the beginning of the 
nonlinear behaviour of the structure. The report that DIANA provided the user is: 

  
STEP      9 TERMINATED, CONVERGENCE AFTER   1 ITERATION 
   TOTAL LOAD FACTOR:  LOADING( 1) *   1.800E+00 
CRACKING LOGGING SUMMARY 
GROUP NAME     NCRACK,   NOPEN, NCLOSED, NACTIVE, NINACTI, NARISES, 
NRE-OPENS, NCLOSES 
    SLAB          2        2        0        2        0        2          
0        0 
    RIBS          0        0        0        0        0        0          
0        0 
    TOTAL MODEL   2        2        0        2        0        2          
0        0 
Another characteristic step in the nonlinear analysis is corresponding to the failure 
of the element. Thus, the final step will be analysed as before, in terms of stress 
distribution and strains. 

The results obtained form the nonlinear analysis is presented in the following. 
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Syy stress distribution for the first crack stage and for the failure stage of the balcony 

 
 

     
Maximum principal strains for the first crack stage and for the failure stage of the balcony 

 

     
Minimum principal stresses and the deformed shape of the balcony for the first crack stage 

and for the failure stage 
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Stress diagram in the critical section for the first crack stage and for the failure stage for the 

balcony 
Figure 19: Non-linear analysis results for the balcony 

 

 
Szz stress distribution for the first crack stage and for the failure stage of the pinnacles 

 

 
Maximum principal strains for the first crack stage and for the failure stage of the pinnacles 
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Minimum principal stresses and the deformed shape for the first crack stage and for the 

failure stage of the pinnacles 

     
Stress diagram in a critical section for the first crack stage and for the failure stage of the 

pinnacles 
Figure 20: Non-linear analysis results for the pinnacles 

 

But, for having an overview on the elements structural behaviour, the load – 
displacement diagrams are considered, to describe their development with the 
increasing of the load, see Figure 21. 

                    
(a)                                                                                     (b) 

Figure 21: Load–displacement diagram (a) for the balcony and (b) for the pinnacles 
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3. CONCLUSIONS 

The modified atmospheric factors during time because of the air and water 
pollution lead to deterioration of the superficial layers of granite stone, raising the 
question whether these ornamental elements risk to collapse or not.  

 

Table 1 – balcony linear analysis results 
 LINEAR ANALYSIS 

BALCONY Syy 
(kN/cm2) 

P1 
(kN/cm2) 

E1 
(cm) 

f1 
(cm) 

Real granite 
properties 

0.915 · 10-1 
-0.131 · 10-1 

0.95 · 10-1 

-0.302 · 10-1 
0.527 · 10-4 
0.216 · 10-6 0.278 · 10-1 

 
 

 
 

 
 

The resulting safety level of the element, if only considering its linear behaviour is 
1.64. 

Table 2 – balcony non-linear analysis results 
NONLINEAR ANALYSIS 

First crack stage Ultimate failure stage 
Syy 

(kN/cm2) 
P1 

(kN/cm2) 
E1 

(cm) 
f1 

(cm) 
Syy 

(kN/cm2) 
P1 

(kN/cm2) 
E1 

(cm) 
f1 

(cm) 

0.164 
-0.236 

0.171 
 

10-1 

0.95  ⋅ 
10-4 

 
10-6 

0.5  ⋅ 
10-1 

0.273 
-1.39 

0.279 
-0.319 

0.236  ⋅ 
10-2 

0.688  ⋅ 
10-6 

0.225 -0.544 ⋅ 0.39  ⋅

 
The safety factor that was obtained from the nonlinear analysis was of 4.89. 
 

Table 3 – pinnacles linear analysis results 

 

LINEAR ANALYSIS 
PINNACLES Szz 

(N/mm2) 
P1 

) E1 f1 
(m) 

Real granite 
properties 

0.115 · 106 0.144 · 10-6 
-0.731 · 105 

0.983 · 10-5 0.573 · 10-4 -0.356 · 10-6 -0.397 · 10-6 

(N/m2
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Table 4 – pinnacles non-linear analysis results 
NONLINEAR ANALYSIS 

First crack stage Ultimate failure stage 
Szz 
(N/m2) 

P1 
(N/m2) E1 f1 

(m) 
Szz 
(N/m2) 

P1 
(N/m2) E1 f1 

(m) 

 
0.184· 107 
-0.635· 107 
 

0.23 · 107 
-
0.117·107 

0.157 · 10-3 
-0.569 · 10-5 0.917 · 10-3 0.616 · 107  

-0.208 · 108 
0.748 · 107  
-0.38 · 107 

0.117 · 10-2 

-0.244 · 10-4 
0.303 · 
10-2 

 
where Syy, Szz – normal stresses 

P1 – maximum principal stresses 

 E1 – maximum principal strains 

 f1 - deformation 

Thus, as it can be seen from the tables, the stresses that actually occur in the 
elements are far smaller than the strengths of the considered granite type, having 
safety factors of 4.8 for the balcony and more than 66 for the pinnacles. 
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Summary 
This paper presents the evolution in performance of some experimental road 
pavement sectors realized with asphalt stabilized with various fibers and improved 
bitumen on National Road,  NR17. 

A synthesis of the monitoring results, obtained during a period of more than five 
years is presented here with the appropriate conclusions and recommendations 
facilitating the implementation of tested technologies in the process of road 
rehabilitation programs in Romania. 

 

KEYWORDS: road sector, performance, improved bituminous binder, modified 
bitumen. 

1. INTRODUCTION 

Since 1995, the National Road Network of Romania became subject to a massive 
rehabilitation program conducted by the Ministry of Transport using various 
indigenous and foreign findings. 

To make better usage of these resources, the Romanian Center for Road 
Engineering Studies and Informatics-CESTRIN and the Academia represented by 
four major Universities involved in civil engineering, road research. & pavement 
technologies, worked together to implement and apply into practice these new 
technologies. This study displays the performance data collected on various levels 
of traffic on different road pavements. The representative samples, based on the 
improved asphalt mixture, have been tested on the Accelerated Circular Road 
Track Facility-LIRA, existing at the Technical University “Gh. Asachi” of Iasi, in 
parallel with the operation of similar experimental sectors realized on the existing 
road network. 
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This paper presents a synthesis of the monitoring results obtained during a period 
of more than five years including the appropriate conclusions and 
recommendations for implementing tested technologies in the frame of ongoing 
road rehabilitation programs in Romania.   

2. STUDIES  

2.1. Description of the experiments 

Fibers and additives for the increase of binder bonding on the aggregates surface 
have been used for preparing wearing courses, to increase the resistance of 
pavement in sever climatic conditions (very cold winters with many frost cycles 
and very hot summers) specific to the Romanian road network. 

Asphalt mixtures, stabilized with cellulose fibers and having a higher percentage of 
aggregates (up to a 75%) have been found to assure an adequate stability of 
pavement over the summer and improved resistance during the cold winter. 

The National Company for Public Roads & Motorways-CNADNR and CESTRIN 
planed and applied this experiment during the month of august 1999, on National 
Road NR17, on five experimental sectors. The performance of these experimental 
road sectors was monitored during a specific time frame, in real traffic and climatic 
conditions, as mentioned in Table 1[1]. 

Table 1. Temperature variability on the experimental road sectors on NR17 
Tmax Tmin 

Calculated Calculated Year Recorded
Ta( max) Ts( max) T20( max) Ta( min) Ts( min) 

Summer 2000 30.5 28.4 49.8 47.3 - - 
Winter 1999-2000 - - - - -25.2 -19.9 

 

The temperatures mentioned in Table 1 have the following significance: 

- TS(max) is the maximum surface temperature, 

-  Ta(max) is the maximum air temperature, 

- T20(max) is the maximum earth temperature at 20cm deep, 

- TS(min) is the minimum surface temperature,  

- Ta(min) is the minimum air temperature. 

The following experimental sectors and technologies have been periodically 
monitored in order to assess their performance at various stages of their life. 
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 The experimental sector No.1, km131+800-131+900: wearing course 
constructed with Asphalt Concrete BA16 and realized with modify 
bitumen with the reactive polymer-ELVALOY AM [2].  

 The experimental sector No.2, km131+900-132+100: wearing course 
constructed with Asphalt Concrete BA16 realized with modify 
bitumen with the reactive polymer ELVALOY AM and stabilized with 
cellulose fibers type TEHNOCEL 1004 [2]. 

 The experimental sector No.3, km132+100-132+300: wearing course 
constructed with Asphalt Concrete BA16 stabilized with synthetic 
fibers type PNA [2]. 

 The experimental sector No.4, km132+300-132+400: wearing course 
constructed with Asphalt Concrete BA16 stabilized with cellulose 
fibers type TEHNOCEL 1004 (left lane) and with cellulose fibers type 
TOPCEL (right lane) [2]. 

 The experimental sector No.5, km 132+400-132+700: wearing course 
constructed with Asphalt Concrete BA16 and bitumen, treated with 
additive INTERLANE IN 1400 [2]. 

Table 2– The composition of the various asphalt mixes used in this experiment [2]   

Components Sector 1 Sector 2 Sector 3 Sector 4 
right 

Sector 4 
left Sector 5 

Chippings  
size 8-16 mm 39.20 39.10 27.90 39.10 39.10 39.20 

Chippings  
size 3-8 mm 26.10 26.00 27.00 26.00 26.00 26.10 

Fine crushed sand 
size 0-3 mm 18.70 18.60 28.80 18.60 18.60 18.70 

Lime  
filler 9.30 9.30 9.00 9.30 9.30 9.30 

Bitumen 
 D80/120 6.60 6.60 7.00 6.70 6.70 6.65 

Reactive polymer - 
Elvaloy AM  0.10 0.10 - - - - 

Additive – 
 Interlene IN 400 - - - - - 0.05 

Cellulose fibers type 
Topcel  - - - 0.30 - - 

Synthetic fiber type 
PNA - - 0.30 - - - 

Cellulose fibers type 
Tehnocel 1004  - 0.30 - - 0.30 - 

Total (%) 100 100 100 100 100 100 



146 C. Lucache, A. Gavriluţă  

2.2 Results of the analysis of technical conditions on the experimental road sectors, 
immediately after construction [3]. 

 The first experimental road sector realized with polymer ELVALOY AM 
presents an open texture with porous areas located in the middle of road 
sector and between the wheels tracks on both lanes. The general aspect of 
the surface concords with the results of the laboratory investigations made 
on specimens taken from the pavement. The surface does not present major 
distresses.  

 The second sector realized with polymer ELVALY AM and TEHNOCEL 
1004 fibers presents a similar surface as the first one, only that the porous 
areas are the largest and irregular in form. These areas are alternating left 
to right on lengths of about 20m. Laboratory tests have shown that there 
are many differences in the content of fine aggregate between the 
specimens. In some porous areas loss of aggregates have been observed.  

 The third sector realized with PNA fibers presents a surface of about 
25sqm with uncoated aggregates alternating left to right. There are also 
differences between lanes:  the one on the right has a smooth surface where 
the left one has a rough aspect. Furthermore, this sector presents isolated 
separations of aggregate without major degrades. Right in the middle of the 
sector on a length of about 25m there are cracks transmitted from the 
longitudinal joint of existing concrete pavement.  

 The fourth sector realized with TEHNOCEL 1004 and TOPCEL fibers 
presents a compact surface. Roughness distresses alternates on both lanes 
from 50 to 50 m. 

 The fifth sector realized with additive INTERLENE IN 400 presents a 
dark asphalt surface, and the aspect of the sector is adequate. 

 
2.3 Results of the technical conditions of the experimental road sectors five years 
after construction. [4] 

According to this evaluation made on November 2004, the technical conditions of 
road sectors have been found as follows: 

 Sector 1:  The evolution of initial porous surfaces was not significant. 
Some fretting have appeared especially on the area between wheel 
tracks. 

 Sector 2: The principal characteristic of this sector was its porous 
structure with raveling over most of the surface. The main distresses 
observed on this sector are: submitted, inadequate repairs after the 
extraction of cores, transversal cracks found frequently, most of them 
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starting from the middle of the road and some longitudinal cracks 
especially on the area between wheel tracks.  

 Sector 3 - On this sector the surface has pores and cracks on the area 
between wheel’s traces especially on the right lane. The main 
distresses observed are: transversal cracks on both lanes but more on 
the right side, lane inadequate repairs after the cores extraction on both 
lanes and some longitudinal cracks.  

 Sector 4 – On this sector the following distresses have been noticed: 
ineffective repairs after the cores extraction on both strips and some 
transversal cracks starting from axle with a reduced severity rate.  

 Sector 5 - The sector exhibits a similar surface as the previous 
sector except some transversal and longitudinal cracks.  

 
2.4. Results of the last examination made by our team in December 2004 

Our findings are confirming the previous results recorded by our colleagues 
of Technical University of Cluj-Napoca [4], as follows from: 

 In accordance with Fig.1, Fig.2, Fig.3 from below, the surface on the first 
sector stabilized with ELVALOY AM polymer is darker and presents less 
distress in comparison with the second sector realized with ELVALOY 
AM polymer and TEHNOCEL 1004 fibers. The most frequently degraded 
areas have transversal cracks where the repairs were made after the cores 
extraction and longitudinal cracks at the joint between the lanes. 
Considering last year as an example we can see that the evolution of the 
cracks transversal and longitudinal shows an increased number, length, and 
severity rate. 

  

Experimental Sector 1   Experimental Sector 1 
Figure 1. Raveling between wheels tracks Figure 2. Longitudinal cracks & raveling 
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Experimental Sector 1 

Figure 3. Transversal cracks 
 

 
 The advanced rate of degradation on the second sector realized with 

ELVALOY AM polymer and TEHNOCEL 1004 fibers is due to the 
moisture that infiltrates through cracks into the road structure. The 
longitudinal fissures observed between the lanes on the previous sector 
continue on this too. The severity of cracks between the lanes on some area 
has been repaired with asphalt mix. The number and severity of the 
previous distresses have significantly increased as shown in Fig 4, Fig.5, 
Fig.6 and Fig.7 from below: 

 
 

       
Experimental Sector 2            Experimental Sector 2 
Figure 4. Porous surface            Figure 5. Raveling 
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       Experimental Sector 2            Experimental Sector 2 

Figure 6. Longitudinal cracks           Figure 7. Transversal cracks  
 

 
 In accordance with Fig.8, Fig.9, sector number three presents a surface 

with a homogenous aspect and a reduced number of distresses. The 
severity of cracks, on longitudinal and transversal areas during the same 
period, has significantly increased. The longitudinal cracks are observed 
more often between wheel tracks. The longitudinal cracks of the joint 
between the lanes increased significantly. The fretting is also enlarged and 
there are areas where these distresses were evaluated to small pot-holes. 
Some repairs with asphalt mix are also observed on small surfaces. The 
longitudinal cracks from axle continue on the whole sector’s length.  

 
 

    
       Experimental Sector 3       Experimental Sector 3 

Figure 8. Transversal cracks       Figure 9.Longitudinal cracks 
 
 
 
 

 The fourth sector presents a surface with an aspect more homogenous than 
the previous ones (see Fig.10 and Fig.11). Exception makes the middle of 
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the areas between wheels tracks which are more porous having frettings. In 
addition, this sector appears to have an increased length and number of 
cracks with a reduced severity rate. 

 
 

 The fifth sector presents a similar surface with the previous sector except 
some transversal and longitudinal cracks, as shown in Fig.12 and Fig.13 

 
 

       
    

  
    Experimental Sector 4 Experimental Sector 4   

Figure 10. Raveling between wheels traces      Figure 11. Sector with good performance 
 
 

from below:  

Experimental Sector 4   
Figure 12. .Sector with good performance

 
Experimental Sector 4 
Figure 13. Longitudinal cracks         

 
 

We may conclude that taking into consideration real traffic and climatic conditions 
f the NR17 the investigated experimental sectors exhibit a satisfactory behavior at 

 

o
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this stage. It is essential to monitor and to inspect more frequently the 
performances of these sectors and to perform the necessary repair and maintenance 
works.  

It is envisaged that the monitoring of performance of these sectors to bee continued 
for at least another five years. 
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Large diameter bored piles in rehabilitation of bridge 
infrastructure 

Irina Lungu 
Department of Roads and Foundations, Technical University”Gh. Asachi”, Iasi, 700333, Romania 

Summary 
Rehabilitation works on infrastructures may consist of one or a combination of the 
following activities: repair, strengthening, and retrofit. 

Initial foundation systems for bridge piers are in many cases caissons of reinforced 
concrete with the inner space filled with plain concrete, performed at only 6 to 8m 
depth. 

A deformation limit state was reached due to extensive scouring and large 
settlements of the corresponding piers developed a failure stage within the bridge 
structure. 

Large diameter bored piles performed at high depth are regularly considered an 
efficient solution to take over the load from the pier and deliver it in safe 
conditions to the surrounding soil, along the outside perimeter of the caisson. 

Pile design is based on either bearing capacity restriction or on  settlement 
restriction. The safety coefficients are set differently for the same soil profile and 
load value over the raft. 

The paper presents a design approach for large diameter bored piles acting as 
settlement reducers of the rehabilitated foundation, considering that the load 
transfer from structure to the new foundation system involves also a strengthening 
along the pier itself. 

 

Keywords: caisson, scour, bored piles, settlement, rehabilitation, soil profile 

1. INTRODUCTION 

Related to pile foundation, the Internation Technical Committee 18, of the 
International Society of Soil Mechanics and Geotehnical Engineering, promoted 
the following proposal [1], [2] to introduce the terms differently when the design of 
a foundation system on piles is concerned: 

a) pile group foundation - the piles are supposed to carry the full load; the raft does 
not contribute.  
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b) piled raft - the piles will act as partially settlement reducers for the raft 
remaining still the less important bearing element of the foundation system;  

c) piled foundation - the piles are provided as full settlement reducers but they will 
operate at a shaft factor of safety of Fs = 1. The raft becomes the principal bearing 
element of the foundation. 

The decay curve of the settlement reduction of a piled raft foundation in 
comparison with the corresponding unpiled raft foundation is presented just 
qualitatively in fig. 1, where 

 
raftunpiledingcorrespondofsettlement

foundationraftpiledofsettlementSr =  (1) 

 

 

Figure 1. Piled raft versus pile group 

A caisson of 6 m depth after an intensive and uneaqually developed scouring effect 
becomes almost a rigid individual footing that reaches a deformation limit state of 
ultimate nature by the high settlement value. 

Large diameter bored piles performed along the outer perimeter of the caisson and 
connected by extending the initial raft to the bridge pier can be designed to become 
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a pile group with a limited group effect between piles or to share the load with the 
existing caisson and thus becoming a piled raft. 

2. A PILED RAFT APPROACH TO REHABILITATE THE CAISSON 
FOUNDATION 

In rehabilitation works, the terms repair, strengthening , and retrofit are differently 
applied to specific solutions that mean to resuscitate to full capacity a structure 
which presently is not corresponding to the appropriate level of safety [3]. 

The term “repairing” is utilized as to fix a structural or functional deficiency, such 
as a crack or a severely degraded element. 

The “strengthening” (nonseismic) of a structural member is specific to those 
situations where the applied solution enhances the existing design performance 
level. 

The term “retrofit” (seismic) is mostly used as a generic term for rehabilitation 
especially in relation to the seismic upgrade of load-carrying members. 

A pile group located along the perimeter of an existing caisson, is designed to work 
with a factor of safety 1≈sF , to allow soil to reach the limit state and consequently 
to activate a load transfer from the piles to the raft and from the raft to the existing 
caissons. 

In this situation, the load is shared between the piles and the caisson, especially 
since the pile length is twice the depth of the caisson, and thus, the caisson rigity 
can be assessed as the one of a very rigid raft. 

The initial suggestion for a pile interacting with the corresponding raft area [1] is 
expressed by: 
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adopting subscripts p and r for pile group and raft respectively. αpr and αrp 
represent the interaction factors, P and k represent the load and stiffness of each 
component. The interaction factors are related as:  

 
p

r
rppr k

k
α=α  (3) 

Since the average settlement of piles and raft are identical, the overall stiffness kpr 
and the proportion of the load carried by the raft may be estimated as being: 
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In 1983, Randolph has shown that for single piles with a circular cap of radius rc 
(figure 2), αrp  can be assessed as:  

 
( )

α
ζrp
cr r

≈ −1 0ln
 (5) 

 

 

Figure 2. A piled raft divided into single pile-cap units 

Because in the value of ζ , the pile length L is an important parameter, for very 
long piles, an effective length Le was assessed as: 

 ( )L d Ee s= +1 5 2 1, ν Ep s  (6) 
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In order to make a settlement prediction of the rehabilitated foundation the large 
diameter bored piles are related to their equivalent raft area for a circular cap unit 
as long as the caisson in the middle is assessed as a single raft unit of individual 
stiffness (figure 3a), both of them, caissons and pilled joined by the extended raft 
are settled uniformly to a single value. 

Another suggestion is that instead of the caisson unit, an equivalent pile of identical 
rigidity to the caisson can be used within the model (figure 4), to maintain the 
unitary relation for the interaction factors between the pile-cap units as previously 
stated. 

 

 

Figure 3. Different aproaches for the caisson – piled raft interaction 

Theoretical solutions for settlement prediction of a single pile may be used to the 
equivalent pier in order to asses the rigidity. For predominantly side friction of the 
caisson, only the rock-socketed pier response is particularly suitable: 
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where P - applied load delivered to the caisson; I - settlement influence factor [1]; 
B - equivalent pile diameter; Em(s) - modulus of deformation of the soil along the 
pile shaft. 

For predominantly end bearing caisson, the corresponding equation of the 
equivalent pile settlement will allow for the elastic compression of the pile itself: 
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with D - depth of the equivalent pile; Ep - equivalent Young’s modulus of pile; 
Em(b) - deformation modulus of the soil mass in the equivalent pile base; RF’ - 
reduction factor for an end bearing socket [1]; Cd - shape and rigidity factor of 0,79 
for a rigid footing and 0,85 for a flexible footing. 

3. CONCLUSIONS 

The rehabilitation of a caisson foundation with a perimeter large diameter bored 
piles is confronting the interaction of two deep foundation system performed at 
different depths. 

A simplified approach to set the first stage dimensions of the piles to act as 
settlement reducers is suggested by constructing a model based on the same pile-
cap units, of different pile diameter and length that are sharing the structural load 
based on the equal settlement of the real piles, designed with a unitary safety 
factor, with the caisson, that takes over the load difference once the soil failed 
along the piles. 
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Influence of a corner and distances between working bodies on 
productivity bars mixer of continuous action. 

Valeriu Lungu  
Faculty of Urbanism and Architecture, Technical University of Moldova,  

bd. Dacia 39, 
Chisinau 2060, Moldova 

Summary 

With the purpose of intensification of process of preparation of a mixture there are 
developed a lot of mixers with bars working body. Mixers will consist of working 
bodies as bars, located radial on rotating to a shaft.  

In this paper results of research of influence of geometrical parameters of the 
mixer on his productivity are submitted. As factors for research the corner not 
investigated earlier and distance between working bodies have been taken.  

With the purpose of reduction of time and expenses for carrying out of research the 
method of planning of experiment and two factorial D-the optimum plan has been 
used. 

By results of experiences and carrying out regressing analysis the mathematical 
model - a polynomial equation of the second degree which adequately describes 
process of hashing of a mix has been received. The greatest influence on 
productivity renders a corner between bars х1 and square-law effect х2.   

With the purpose of revealing influence of each factor separately on productivity 
graphic dependences Y = f (xi), and also nomogram interactions factors have been 
constructed. 

The received model can be used for definition of the maximal values of productivity 
depending on change of researched factors. 

 
KEYWORDS: mixer, productivity, working bodies, bar, a polynomial equation, 
planning of experiment, nomogram. 
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1. INTRODUCTION 

Construction of buildings, highways, bridges, manufacture of building products in 
any measure is connected to process of hashing of a mix. Quality of objects and 
products, their durability, cost, durability depends on quality of preparation of a 
mix. Quality of a mix depends as on physicomechanical properties of components 
of a mix, accuracy of batching, and from the device of the mixer and duration of 
hashing. The problem of an intensification of process of hashing of a mix consists 
in development of methods and devices which promotes uniformity of a mix, 
reduction of quantity{amount} of binding substance, increase of productivity, 
reduction of cost of construction.  

With the purpose of an intensification of mix preparation process at Technical 
University of Moldova are developed a lot of mixers with bars working body [1, 2]. 
Mixers will consist of working bodies as bars, located radial on rotating to a shaft 
fig. 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure1. The type of working body bar of the mix 

During the roller rotation the mix grasp shuffled bodies, rise up and at the same 
time shuffle along the trunk. The material that has been in front of the working 
body is divided on the flows. The part of the material pass through the shuffled 
bodies but another big part pass along the mix and continue to be divided on the 
flows by the others shuffled bodies. So happen the division of the material in the 
flows and after that their joining. During the repeated passing of shuffled bodies 
take place the division and joining of the mixture components and at the same time 
their deallocation along the trunk. 

Analyzing publications in the field of preparation of various mixtures and 
manufacturing of building products, and also experience of experts major factors 
influencing on productivity of mixers have been detrmine:  
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▪ frequency of rotation of a shaft with working bodies;  

▪ geometrical parameters of the mix;  

▪ coeficient of filling of the mix;   

▪ the sizes of particles of the mixture;  

▪ humidity of the mixture, etc.  

 
In work are presented the results of research of influence of geometrical parameters 
of the mix on its productivity. 

2. CONDITIONS OF RESEARCH 

As a facts for researching have taken the distances between working corners but 
not early investigated corners fig. 2. 

 
 
 
 
 
 
 
 

 

 

x3

x2 

Figure 2. The investigated facts corner х1 and distance х2   between working bodies  

 
With the purpose of reduction of time and expenses for carrying out of research has 
been used the method of planning of experiment [3] and two factorial D- optimal 
plan table 1.  

Considering various designs of mixers of continuous action has been 
accepted the variation of factors: 

− a corner between working bodies 1 45 30x = ±% о; 

− distance between bars 2 15 10x = ±% , мм. 
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Table 1. D – optimal plan for two factors 
№ test α S 

1 + + 
2 + - 
3 - - 
4 - + 
5 + 0 
6 - 0 
7 0 + 
8 0 - 
9 0 0 

 
Constant factors were:  

− frequency of rotation of a shaft with working bodies n = 120 
rotation/min;  

− factor of filling of the mix k = 0,4.  

As a working mix has been used river sand in the size of particles up to 1 mm and 
by humidity of 2 %. Researches were spent in the mix with internal diameter of a 
drum - 206 mm, diameter of the points - 8 mm, and length - 83 mm.  

Productivity of the mixer was measured by means of a glass flask with a margin ± 
0,005 dm3

2

. 

3. RESULTS OF RESEARCH 

Concerning the plan were carried out 9 experiments. Each experiment has been put 
at the corresponding size and the distance between the working bodies. Were taken 
3 measurements for each investigated factor. 

The results of the realized experiment are presented in table 2. 

The handling of the experiment results realized on D – the optimal plan for two 
factors permits to discover the regress equalization for the productivity estimation 
of the mix as polinom in the second level: 

 2 2
0 1 1 2 2 11 1 22 2 12 1P b b x b x b x b x b x x= + ⋅ + ⋅ + ⋅ + ⋅ + ⋅ ⋅  (1) 

where: Р – the productivity of the mix, m3/h; 

0b  - free factor; 

1b  and 2b  - numerical factors 1x  and 2;x  
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11b  and 22b  - numerical factors 
2
1x  and 

2
2 ;x  

12b -  numerical factors at product 1 2.x x   

Table 2.  Mixer productivity  
 

 

Productivity, 
3m

h
 

 

N
r. 

ex
p.

 

C
or

ne
r b

et
w

ee
n 

w
or

ki
ng

 b
od

ie
s  

x 1
, g

ra
d 

D
is

ta
nc

e 
be

tw
ee

n 
ba

rs
  x

2, 
мм

 

1P  2P  3P  medP  

2
uiS  
 

1 75 25 0,141 0,143 0,148 0,144 0,000013 
2 75 5 0,52 0,56 0,57 0,55 0,0007 
3 15 5 1,24 0,9 1,13 1,09 0,0301 
4 15 25 0,12 0,14 0,16 0,14 0,0004 
5 75 15 0,243 0,259 0,269 0,257 0,000172 
6 15 15 0,219 0,23 0,226 0,225 3,1E-05 
7 45 25 0,041 0,042 0,055 0,046 0,000061 
8 45 5 0,56 0,42 0,67 0,55 0,0157 
9 45 15 0,187 0,183 0,191 0,187 0,000016 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By results of experiences and carrying out the regressive analysis have been 
received a polynom: 

   (2) 
20 , 1 2 9 7 0 , 0 8 4 0 , 3 1 0 , 1 41 2

2 0 , 1 9 7 0 , 1 3 62 1 2

P X X

X X X

= − ⋅ − ⋅ + ⋅

+ ⋅ + ⋅ ⋅

1X +

Check of conformity of the received model to process of hashing of a mixture was 
spent with use of criterion Fisher: 

 
0,15829 3,01875 3,16

0,005244 tabF = = < = 3) F  (

 
For: α = 0,05, 1 3,f = 2 18.f =  
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As settlement value of criterion F less tabulated, it is possible to draw a conclusion, 
that this equation adequately describes studied process.  

The greatest influence on productivity renders a distance between points х2 and 
square-law effect х2.   

For revealing influence of each factor separately on productivity have been 
constructed graphic dependences Y = f(xi) fig. 3 Graphic dependence influence of 
each factor is constructed with a condition of a finding of other factor at a zero 
level. 

P, 
/h m3

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

-1 -0,6 -0,2 0,2 0,6 1
 

X1 

X2 

Figure 3. The influence of the corner х1 and the distance х2 between the working bodies on 
the mix productivity  

With increase in a corner between points from 15o up to 45o productivity decreases. The 
further increase in a corner from 45o up to 75o productivity starts to increase. Significant 
there was a square-law effect at х1. With increase in distance between bars productivity 
decreases, that explain the reduction of a zone of influence bars on mixing material. 

 For revealing influence of interaction of factors on productivity it has been 
constructed nomogram fig. 4. The high productivity can be received or at small 
corners and small distances between working bodies, or at the same distance but 
with big corners. The increasing of the distance between the bars lead to decreasing 
of the productivity of the corners significance. 

Dynamics of influence of studied factors on productivity of the mix bar is 
practically identical with influence of the same factors on resistance to hashing. 
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However, it is necessary to note, that on preliminary skilled data in zones of the 
greatest productivity and the least resistance deterioration of a mix was observed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The depending of productivity in м3/hour from corner х1 and distance х2 between 

working bodies 

4. CONCLUSIONS 

1. The mathematical model of influence of a corner х1 and distances х2 
between working bodies of the amalgamator which adequately describes 
process of hashing of a mix is received. 

2. The received model can be used for definition of the maximal values of 
productivity depending on change of investigated factors. 

3. The problem of increase in productivity should be investigated together 
with resistance to hashing and quality of a mix 
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Summary 
This paper presents the design of composite bridge pylons built-up using the  
solution of concrete–filled rectangular and circular hollow sections, subjected to 
axial compression and compression with bending, in accordance with Eurocode 4. 

The working example given in this paper regarding the verification of the load 
carrying capacity of a composite footbridge pylon facilitates the design 
methodology understanding and can be useful in the design activity. 

KEYWORDS: bridges, composite pylons, Eurocode 4  

1. INTRODUCTION 

Composite steel-concrete members are widely used for civil and industrial building 
columns, maritime platform pillars, as well as for bridge pylons and piers. 

The main advantages of composite compression members are: 

▪ high load capacity with small cross-section; 

▪ simple connection to other members; 

▪ possibility of plastic deformation and ductile behavior; 

▪ reduced risk of local buckling of the steel section. 

 

 
Figure 1 

 
This paper presents the design of concrete – filled tubular (rectangular and circular) 
sections subjected to axial compression and combined axial compression and 
uniaxial bending in accordance with EC 4. 

The working example given in this paper regarding the verification of the load 
carrying capacity of a composite footbridge pylon facilitates the design 
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methodology understanding and can be useful in the design activity of such 
members. 

2. DESIGN OF CONCRETE-FILLED TUBULAR SECTIONS IN 
ACCORDANCE WITH EUROCODE 4 

Axial compression member 
 

The resistance capacity of an axial compression member of a concrete-filled 
tubular hollow section should be verified by the expression: 

 Rd.plEd NN ⋅χ≤  (1) 

where: Npl.Rd – plastic resistance to compression evaluated as follows: 
 

• rectangular cross-sections: 
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• circular cross-sections: 
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in which: 

- Aa; Ac; As – cross-section areas of steel, concrete and reinforcement; 
- fy; fck; fsk – characteristic strengths of steel, concrete and reinforcement; 
- γa ;  γc ;  γs – partial safety factors of steel, concrete and reinforcement; 
- aη - coefficient which takes into account the diminish of the steel strength 

caused by biaxial state of stresses: 
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- cη - coefficient which takes into account the increase in strength of concrete 
caused by confinement effect: 
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- e – eccentricity of axial load. 
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The effective elastic flexural stiffness of the composite member is evaluated with 
the relation: 

 ( ) ssccmaae IEIE6.0IEEI ++=   (4) 

The relevant relative slenderness is given by: 
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For members with high relative slenderness ratio, / (1-δ), account should be 
taken to the influence of long-term effects on the effective elastic flexural stiffness. 
The modulus  E

8.0>λ
−

cm will be reduced to Ec, evaluated with the relation: 
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Combined compression and uniaxial bending 
 
Interaction curve 
 
The resistance of the cross-section to combined compression and bending and the 
interaction curve given in Figure 2 may be calculated assuming rectangular stress 
blocks as shown in Figure 3. 

 

 

Figure 2 
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Figure 3 
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The coordinates of the interaction curve are as follows: 
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where:  Wpa ;   Wpc ;  Wps – the resistance modulus of the structural steel, concrete 
and reinforcement for the entire cross-section of member; 

Wpa.n  ;  Wpc.n  ;  Wps.n   – the resistance modulus of the structural steel, concrete and 
reinforcement relative to depth of 2.hn of the cross-section. 

The position of the neutral axis, Figure 4 is given by: 

 
)ff2(t4bf2

N
h

cdydcd

Rd.pm
n −+
=    - rectangular section (8.a) 

 
)ff2(t4df2

N
h

cdydcd

Rd.pm
n −+
=      - circular section (8.b) 

 

 

Figure 4 
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The second-order effects may be allowed by increasing the greatest first-order 
design bending moment by a factor k given by: 

 

eff.cr

Sd

N
N1

k
−

β
=  (9) 

where: β = 0.66+0.44 r ≥ 0.44; r – ratio of the end bending moments. 

For the determination of the internal forces the design value of effective flexural 
stiffness should be determined from expression:  

 ( ) )IEIE5.0IE(9.0EI ssccmaaII.eff ++=  (10) 

Resistance of member in compression and bending 

 
The interaction curve for buckling load used by EC 4 -1994 is given in Figure 5.  

 

 
Figure 5 

 
 

 
 
               Figure 6 

 
The following conditions for members in combined compression and uniaxial 
bending should be satisfied: 

 1
M9.0

Mk;
N
Nmax5.0

Rd.pl

Ed

Rd.pl

Ed <










⋅µ⋅
⋅

⋅χ
<  (11)            

The Final Project of EC 4 - EN 1994-1-1:2004, and respectively Romanian 
Standard SR EN 1994-1-1:2004 (see Fig. 6) give the following relation for the 
bending verification of member: 
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 M
Rd.pld

Ed

Rd.N.pl

Ed

M
Mk

M
Mk

α≤
⋅µ
⋅

=
⋅   (12) 

 

where:  




−
−

=α
460S;420Ssteel8.0
355S;235Ssteel9.0

M

 
Because  (Fig. 6), the above relation is less restrictive and the member 
bending capacity results higher.  

µ>µd

3. WORKING EXAMPLE  

A composite steel-concrete pylon is being checked, part in the resistance structure 
of a cable stayed footbridge, built-up in solution of concrete-filled circular section. 

3.1. Design data 

Cross-section of pylon and design forces l (Fig.7) 

 

 

kNm100M
kN2500N

m0,7L7,0

Ed

Ed

=
=

=⋅=l

 
 

 
 

   
                Figure 7 
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Characteristics of the cross-section components 
 

Steel rolled: Circular pipe - 325 × 8 mm - Steel S 355 

  
- fy=355 N/mm2    - Aa=79.7 cm2 
- Ea= 210 000 N/mm2   - Ia=10 014 cm4 
- γa=1.1     - Wpa. =804.08 cm3 

 
 
Concrete: Class -  C 25/30: 

fck = 25 N/mm2; Ecm = 30 500 N/mm2; γc =1.5;  2
c cm750A =

4
S

4
c

c cm14543I
64
dI =−
π

= ; 3
ps

3
c

pc cm7464W
6
dW =−=  

Reinforcement: Steel S 500 ( PC 52 ) 

-  8 φ 20:   As=25.12 cm2; Es=210 000 N/mm2; γs=1.15 

 - 606I =  cm1s
4;  =psW 171 cm3 

3.2. EC 4- Design method 

daN664491N Rd.pl = ; ( ) ( ) 26
ye cmdaN1029832EIEI ⋅⋅==  

daN035596N R.pl = ; daN548650Ncr =  

Relevant relative slenderness: 2957.0
_

<=λ 708.0=χ⇒   

Because  need not be taken into account the confinement effect. 5.0
_
>λ

 
Axial compression checking: 
 

172.0
9174708.0

5002
N
N

Rd.pl

Sd <=
⋅

=
⋅χ
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Compression and uniaxial bending 

Because , the influence of the long-term loading need 
not be taken into account. 

68.1)1/(8.0957.0
_

=δ−<=λ

1.038.0
N
N

cr

Ed >=  ⇒ need be checked the second-order effect. 

It results: r = 0; 66.0r44.066.0 =+=β ; k 19.1=   

where: ;   daN600561N eff.cr = 26
II.eff cmdaN1027883EI ⋅⋅=

The bending moment taking into account the second-order effects will be: 
mkN11910019.1MkM EdEd ⋅=⋅=⋅=  

Interaction curve 
The concrete resistance: daN250125N Rd.pm =  

The position of the neutral axis (neglecting the contribution of the reinforcement 
situated in the neutral axis): cm04.4hn =  

The plastic resistance modulus for a depth of 2hn of the cross-section: 
; ; W3

n.pa cm1.26W = 3
n.pc cm3.504W = ps.n=0   

 
Resistance moments : 

kNm43.373M Rd.max = ; kNm6.12M Rd.n = ; mkN8.360M Rd.pl ⋅=  
The coordinates of points from the interaction curve, Figure 8, in N [kN] and M 
[kN⋅m] are the following: 

A (4 917; 0 ); B (0; 360.8); C (1252.5; 360.8 ); D (626.25; 373.43 ). 

The nondimensional coefficients χ  are evaluated: 

  dn 177.0 χ≤=χ ; 508.0d =χ  ; 255.0pm =χ  

It results:  379.0=µ

Diagram  is presented in Figure  9. χ−µ
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Figure 8 

 
Figure 9 

 
The resistance bending moment of the pylon is:  

mkN123M9.0M Rd.plcap ⋅=⋅µ⋅= ; mkN123MmkN119Mk capEd ⋅=<⋅=⋅  

The final results are: 

 72.0)97.0;72.0(max
M9.0

Mk;
N
Nmaxn

Rd.pl

Ed

Rd.pl

Ed ==










⋅µ⋅
⋅

⋅χ
=  

According to the Final Project of EC 4 - EN 1994-1-1:2004, and respectively SR 
EN 1994-1-1:2004 is considered the value of dµ , instead of the µ  value and the 
resistance bending moment will be: 

mkN3.2148.36066.09.0MM Rd.pldMcap ⋅=⋅⋅=⋅µ⋅α= , where: 66.0d =µ  

4. CONCLUSIONS 

Composite steel-concrete structures can offer efficient solutions for members 
subjected to axial compression or combined compression and bending and are 
widely used in almost all type of constructions such as: columns for civil and 
industrial buildings, pylons for maritime platforms, cable stayed and suspension 
bridges etc. 

The paper presents the design method of composite bridge pylons built-up in 
solution of concrete–filled rectangular and circular hollow sections, in accordance 
with Eurocode 4. 
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The working example also given in this paper regarding the verification of the load 
carrying capacity of a composite footbridge pylon facilitates the design 
methodology understanding and can be useful in the design activity. 
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ASPECTS REGARDING THE DETERMINATION OF 
STRAINS IN SOILS WITH HIGH SENSIBILITY TO 

WETTING  

Ana Nicuta1  
1 Technical University Gh. Asachi, Iasi, Romania,  

Summary 
In the paper are presented several aspects regarding the behavior of different soils 
susceptible to wetting (loess and loess-soils). 

By the help of several case studies it is presented the critical pressure variation 
and the critical moisture content effect over several foundation grounds from town 
Iasi, Romania. 

 

KEYWORDS: sensible soils, supplementary settlement, geological pressure, 
critical humidity, 

1. INTRODUCTION 

The susceptible soils to wetting formed by loesses and loessoid – soils are 
components of the difficult soils category. These soil types need several 
supplementary analyses the moment they are used as foundation soils. Considering 
their unstable structure, these soils have a big porosity, characterized by 
approximate perceptual values of till n=40%, this degree of porosity being 
determined by a number of several very fine vertical channels.  

The complementary wetting and for a long time period creates for this type of 
difficult soils, strong complementary consolidation and in certain conditions 
presenting the collapse phenomena. 

2. THEORETICAL CONSIDERATIONS 

The supplementary settlements apparitions for soils susceptible to wetting can 
allow the determination of several critical values for effort and humidity (critical 
pressure - crσ and critical humidity ). crw



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 177 
 

Considering the present norms and standards the critical pressure can be defined as 
representing: 

- Pressure to which the supplementary settlement by humectation , 

for the case of deformation determination in laboratory, 

01,0=
+ gpmi

- The pressure value at the proportionality limit (from the graphical relation 
εσ − ) for „in situ” determination with plate, 

- The pressure from the depth from which starts the supplementary settlement on 
the soil, under the action of geological pressure of supplementary humectated 
soil ( gσ )    

 

In order to analyze these difficult soil types deformability properties can be 
realized a numerical simulation of reological phenomenon which takes place in 
macroscopic soils.  

This way between unitary efforts and corresponding supplementary settlement can 
be established a mathematical relation under the form:  

 
 εi = φ(σi) (1.1) 

where:  

 

            εi - the specific supplementary settlement corresponding to iσ efort  

 

In the case in which takes place a foundation soil supplementary humectation the 
general relation effort – deformation can be written under the form:  

 

  

 εz =α(ω)·σz 
β( ω) (1.2) 

 

where:  

 

σi =  ( ) ( ) ( )2
13

2
32

2
212

1 σσσσσσ −+−+−⋅  represents the general effort  

intensity  
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and  

εi= ( ) ( ) ( ) ( )2
13

2
32

2
2112

2 εεεεεε
γ

−−+−
+

 represents the general 

deformation intensity 

 

and   

α, β – represent the soil deformability parameters.        (1.3) 

 

The deformability parameters calculus relations on a certain interval  in 
logarithmical expression are: 

21 zz −
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The variation law presented in the nonlinear 1.2 relation with validity for 

the spatial pressure state but also for the uniaxial pressure state is expressed by the 
relation:    

 
 

 εti =α·σti 
β (1.5) 

 

where:  

σti = σgi +σpiε 

 

Which represents the total effort fro an elementary layer “i”.  
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The total supplementary settlement by humectation is defined by the relation:    

 εti = εgi + εpi (1.6) 

 

where:  

 

εgi -  the supplementary settlement determined by the geological pressure action σgzi 

 

εpi – the supplementary settlement  determined by the total pressure  σpzi   

 

For the supplementary settlement by humectation = 1% can be determined 

the soil structural macroporous resistance with the relation:  
gpmi +
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( )w

cr w

β

α
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1
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=  (1.7) 

The critical depth at which these deformations take place is determined with the 
relation:  

 ( )
( )medw

medmedd
cr ww

z
β

αγ

1

01.0
)1(

1








+

=  (1.8) 

 

 )(2 wwww satmed −
∏

+=  (1.9) 

 
where: 

 

=dγ the dry unit weight 

=medw the medium water content 
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=w the natural water content 

3. CASE STUDY 

 

Considering these theoretical considerations have been applied the presented 
relations for loess which can be found in the Moldovenesc rand area.  

 The α and β coefficient values, have been determined for: 

a) Geological pressure action  σgz       

b) Total pressure action σpz (soil and foundation) 

Table 1  presents the stress and deformation values under the geological pressure. 
The foundation soil deformations are determined for the soil natural and saturated 
state. These variations are presented in fig. 1.    

 Table 1 

 

σgz 
n                     [MPa] 0.0925 0.110 0.128 0,146 0,170 

εg 
n % 0.020 0.022 0.026 0.028 0.030     εg 

εg 
i % 0.042 0.045 0.051 0.058 0.061 
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Fig. 1 Geological pressure – specific settlement relation 
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In table 2 are presented the analytical values of total stresses reported to the 
specific deformation determined in natural and saturated state.  

Table 2  

 

σpz 
(t)    [MPa] 2.1139 2.417 2.736 3.078 3.5006 

εp 
n % 0.024 0.029 0.031 0.032 0.035      εp 

εp 
i % 0.047 0.051 0.054 0.057 0.064 

The calculations have identified the extreme values of critical pressures for the 
studied area as σcr = 0.08 – 0.1 MPa. 

Considering these evaluations have been determined a critical depth for these soil 
types from which can appear the supplementary settlement by humectation under 
the geological pressure action.  

041.0
min

=crz  [m] 

4. CONCLUSIONS: 

It was observed that:  

• α, β values are constant for a certain state of soil, 

• these values can be changed by the variation of two geotechnical 
characteristics 

 humidity variation 

 specific supplementary settlement variation 
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Evaluation methods of slope stability created from industrial 
waste  

Ana Nicuta1 
1 Technical University Gh. Asachi, Iasi, Romania,  

Summary 
The paper presents aspects regarding the slope projection for the waste warehouse 
resulted from industrial activities, aspects that imply a certain methodology 
different from another similar engineering activities (retaining breakwater, dam 
from local materials, etc.).  

The different ways of solving this problem, result from the technical – economical 
aspects that must be completed, and also from the materials specificity on which 
are being used.  

Applying the recognized principles, for the determination of the slope stability from 
the soil, in the paper it is studied the variation of safety coefficient in the case of a 
slope with geo – mechanical proprieties characteristic to the waste resulted from 
industrial activities (ferrous metallurgy, mining, etc), considering the different 
particularities of the materials and the setting conditions. 

 

KEYWORDS: ash, liquefaction ash, slope, 

1. INTRODUCTION 

The storage and use of the stream power plant ashes implies a very careful 
checking of the physical – mechanical properties variation, because even if they 
have a similar aspect to the sandy silt, the ashes are solid wastes resulted from 
caked coal burn and are formed from calcite, pyrite, clay and other minerals which 
in the burning process are divided and disintegrated.  

2. GENERAL ASPECTS OF THE ASH SLOPE STABILITY ANALYSIS  

In situ and laboratory determination of different aspects regarding the ash chemical 
composition permitted the analysis of cement particles nature from the ash and also 
the ash solubility in water. The correlation of this information with soil 
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geotechnical behavior of ash mass in time identifies changes of filtration 
coefficient.  

Laboratory chemical and mineralogical analysis hasn’t identified the thixotropy 
phenomena.  

Saturated ash liquefaction can be compared with the same phenomena but in the 
fine and silty sands.  

From geo-mechanical point of view the industrial ash are influenced by 
granulometric composition. This aspect allows the classification of ashes from 
Romania into fine and silty sand category. 

The graphics values of stability coefficients for the normal and liquefied ash 
reported to deposit field presents clear and essential changes of the two materials. 
Also the infrastructure nature (cohesive and cohesionless soils) imposes to the 
whole system important changes.            

By laboratory testing is identified the fact that these ashes have a small 
compressibility for normal humidity and loads smaller than 100 kPa and big 
deformation for loads bigger than 200 kPa. 

Shear resistance analysis presents the fact that shear parameters have a direct effect 
of particle cementation.  

Figures 1 to 4 present the stability coefficient determined on two ash types normal 
and liquefied which are stored on two soil types (clay and sand) and identify the 
factors that influence these coefficients.  

In order to determine the failure resistance parameter influence on slope stability 
coefficient has been taken into consideration two hypotheses. Considering the 
foundation soil as a homogeneous cohesive soil (clay) and respectively a 
cohesionless soil (sand) have been determined safety coefficient for two ash types.  

 

This implies four analysis cases: 

1. normal ash deposited on a clayey homogenous soil (fig 1); 
2. normal ash deposited on a sandy  homogenous soil (fig 2); 
3. liquefied ash deposited on a clayey homogenous soil (fig 3);  
4. liquefied ash deposited on a sandy  homogenous soil (fig 4); 

 
The stability coefficient calculation has been realized considering the cylindrical 
circular failure surface.  

It has been observed that for normal ash with the same slope height the safety 
coefficient depends on the foundation. The safety coefficient presents values 
between Fs > 1, 5 (fig. 6). 
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For liquefied ash in the same deposited conditions and on the same foundation soil 
the stability coefficients presents value much smaller, determined by the 
liquefaction phenomena.    

       

 
 

 
Fig. 1 Safety coefficient for liquefied ash on cohesion soil  

 
Slope: liquefied ash γ = 15 kN/m3, c = 0, Φ = 0º, H = 10 m, slope 1:m = 1:1,5 

Base: clay γ = 18,5 kN/m3, c = 20, Φ = 22º 

Fs = 0,004 

 
Fig. 2 Safety coefficient for ash on cohesion soil 
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Slope: ash - γ = 13 kN/m3, c = 10, Φ = 30º, H = 10 m, slope 1:m = 1:1,5 
Base: clay - γ = 18, 5 kN/m3, c = 20, Φ = 22º 
Fs = 1,860 
 
 

 
 

Fig. 3 Safety coefficient for liquefied ash on cohesionless soil 
 
Slope: liquefied ash γ = 15 kN/m3, c = 0, Φ = 0º, H = 10 m, slope1:m = 1:1,5 
Base: sand γ = 17, 5 kN/m3, c = 0, Φ = 30º 
Fs = 0,001 
 

 
Fig. 4 Safety coefficient for ash on cohesionless soil 
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Slope: ash - γ = 13 kN/m3, c = 10, Φ = 30º, H = 10 m, slope 1: m = 1:1, 5 
Base: sand - γ = 17,5 kN/m3, c = 0, Φ = 30º 
Fs = 1,666 
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Fig. 5 Safety variation coefficient for liquefied ash  
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Fig. 6 Safety variation coefficient for ash  
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3. CONCLUSIONS 

Internationally there is a great interest in industrial ash use especially in highways 
and railways. Regarding the industrial ashes storage and use, this is and important 
matter imposed by important ash quantities and the large areas used for storage.  

A special attention is accorded to the fundamental layers on which are emplaced 
the ashes and the interaction between the two materials.      
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Quality cost in bridge engineering  
 

Alina-Mihaela Nicuţă, Constantin Ionescu1,  
Technical University Gh. Asachi, Iasi, Romania, 

Summary 
The present paper desires to create an introduction towards the quality costs 
matter for bridges.  

Of great importance has nowadays the superior quality of the bridges. This quality 
administration is determined by different instruments which are components of ISO 
9000 standards and are known as „the 7 instruments”.   

Attention will be drawn on the Pareto Diagram, instrument which is able to 
establish the cost – quality correlation or better expressed “the cost which fulfills a 
bridge quality conditions”. 

 

KEY WORDS: cost, quality, Pareto Diagram,  

1. INTRODUCTION INTO THE QUALITY COST PROBLEM  

In order to create any type of construction, unknowing the work quality costs 
importance and value can be considered a mistake.  

The majority of quality costs are determined by the lack of quality and its lack of 
consideration in the creation, design and planning of the building creation process. 
The expenses in the quality area can be diminished if the wick points are early 
identified and eliminated.  

On the other hand, the level of necessary costs for a quality management system 
implementation is quantified, while the estimated economies can’t be clearly 
evaluated. Unknowing the payments level blocks the quality management systems. 
More exactly must be taken into consideration the long term idea, more quality less 
expenses.  

The quality must be considered a progress factor. This way has been created the 
quality concept which desires to establish an important jump in the thinking 
evolution in the life quality development evolution and the efficient use of the 
planet natural resources more exactly the sustainable development condition 
maintenance.  
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Quality concept implies certain quality administration instruments, which are 
mentioned in ISO 9000 standards and known as “the 7 instruments”, as analysis 
methods of an element characteristics variation causes with negative influence on 
the quality. Being known the causes can be taken the corrective measures by using 
the established solutions for those methods.  

In order to clarify the “7 instruments notion” it’s necessary to present them: 
histogram, cause – effect diagram, Pareto diagram, correlation diagram, control 
graph, data stratification, Brainstorming. 

2. QUALITY COSTS DETERMINATION  

The quality costs determination is a difficult action. It’s hard to precisely 
determinate these costs. The difficulty results from the models used for the costs 
calculus, planning and determination but also a serial of independent factors such 
as: some quality costs are not quantized or their estimation is subjective, there is a 
gap between the appearance moment and that of deficiency identification, between 
the preventive actions moment and that of their effects etc.  

In the current practice, the quality costs determination is done by the information 
resulted from different sources: accounting, technical documents, commercial and 
administrative, market research, questioning.  

The quality costs purpose is to identify the areas in which the expenses are being 
made, the realized expenses level comparison with the provided one, the excessive 
costs sources in order to take the right measures.  

In Romania the quality costs analysis totally and on categories, in being done with 
the “Quality costs balance - sheet,” which is a table where horizontally is the 
comparative analysis of quality costs categories, including their part in the total 
quality costs, and vertically is analyzed each category evolution and the total cost. 

3. QUALITY COSTS STRUCTURE 

In the area of quality costs, J.M. Juran presents 11 quality costs categories: costs 
involved in market research, research and development activity costs, design 
activity costs, production planning costs, equipment precision maintenance costs, 
human and material resources necessary to the technical process costs, unpacking 
promotion activity costs, process evaluation process, defects prevention costs, 
losses due to quality defects, staff information related to quality activities costs. 

Another point of view regarding the quality costs classification can be seen in the 
General Electric Company adopted methodology, regarding the costs 
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administration, which was integrated into a costs system named “Quality Cost 
Analysis”. In this system have been determined three quality cost categories: 
prevention costs, evaluation costs, defects costs (nonconformity). 

There have been identified:  

A – Prevention costs, connected to the nonconformity prevention; 

B – Evaluation costs, checking, inspection, tests, audit costs etc. 

C – Internal defects costs, financial supported by the producer for rejections, 
maintenance and other nonconformity problems; 

D – external defects costs supported by the beneficiary in the exploitation period 
for nonconformity maintenance.  

The total of these partial costs represents the quality total cost. A better view on 
this element is in fig. 1 where can also be seen the total optimal cost. 

 
 

Total costs 

Costs

Prevention costs

Evaluation costs

Flaw costs
Optimal 
level of 
quality costs 

 
Fig. 1: Quality costs 

Source: Marieta Olaru, “Costurile referitoare la calitate”, in “Managementul 
calităţii”, IInd Edition (in Romanian) 
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4. QUALITY COSTS DETERMINATION THROUGH PARETO 
DIAGRAM 

In view of quality costs determination, the Italian economist Vilfredo Pareto is the 
author of a principle which has its name and can be announced this way: 
considering a group or objects performance can be observed that a small number of 
these persons have a great importance, while the rest of them have a small 
importance. This principle was used to create a diagram (named Pareto Diagram) 
which presents the income distribution irregularity. For this situation can be 
presented the England example from the 18th century when, 20% from the 
population had almost 80% from the national wealth. Starting from this situation 
has been created the 80/20 role which mentions that 80% from effects have at the 
basis 20% from the causes. This method can be used to establish the corrective and 
preventive measures order. 

This way, first there must be determined all the research defects (nonconformity 
types) which are connected to the matter. It must also be considered the relative 
frequency of the apparitions.  

The activities steps imply solving the following: 

a) The determination for each category of the supply for the total effect and 
the percentage determination, 

b) The categories descending order, considering the supply,  
c) The sum on every category of the succession influences,  
d) The graphical representation in the categories descending order of the 

influences sums.  
 

The principle is important for the quality problems study, because mostly the non 
quality costs from an organization are due to a small number of special causes.   

In the quality area loses have never a uniform distribution considering the quality 
characteristics. Always the non-uniformity distribution of loses has a small 
percentage, but also the quality characteristics have a vital importance. Considering 
this, can be created the Pareto Diagram in order to establish the priorities in an 
improvement quality and productivity study.  

The Pareto Diagram is a graphical representation of certain information (the 
example will be on the defects causes), with the purpose of helping the work team 
to classify the objectives considering their importance.  

By example, in the case of several bridge defects, on the system ordinate line are 
presented the defects classes. They are in descending order considering their 
gravity; the most important one is situated at the superior extremity of the axis. On 
the abscissa can be presented the causes or defects proportion (amplitude) class, 
such as: the defects cost, the defects number, the defected elements share etc. 
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Sometimes in order for a diagram to be more suggestive its being completed with 
an interrupted line which represents the cumulative amplitude on defects classes. 
(Fig.2). 

The diagram analysis permits the defects determination. In order to obtain an 
immediate efficiency it is recommended the defects elimination to start with the 
ones that have a bigger value. In order to check the changes produced by the 
measures taken for the elimination of causes which provoked the defects, can be 
created a new diagram.   

Here it is the example of a bridge for which it is searched the reconditioning 
necessary for 6 different elements and it is ordered considering the reconditioning 
proportion. 

 
 
Table I 
Defects   Reconditioning 

cost 
(euro) 

Reconditioning 
cost in % 

Cumulative 
% 

Superstructure destruction 
(braked elements) 

63.000 27,51 27,51 

Bridge road wave: waving, 
furrows, threshold, holes  

51.000 22,27 49,78 

Cracks in the coating (hot 
coating of concrete cement), 
its exfoliation. 

43.000 18,78 68,56 

The bridge walk or the 
sidewalk is damaged (porous, 
ridged area) 

35.000 15,28 83,84 

Incorrect emplacement of the 
tapping hole grating, their lack 
or of the tube extension, 
sunken tapping holes 

25.000 10,91 94,76 

The vegetation presence on the 
superstructure elements. 

12.000 5,24 100,0 

6 components 229.000 100,0  
 
The costs in Table I are only for orientation in this example.  
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Fig 2 Pareto diagram for the quality defects analysis [Marieta Olaru] 

 
Table I presents a number of 6 defects for a bridge but also the costs necessary to 
their repairing. Using Pareto diagram these effects are graphically structured 
considering the importance and complementary the cumulative cost.  

5. CONCLUSIONS 

In order to create a high quality bridge structures but with diminished costs 
determined by the buildings creation, design and planning its necessary to clearly 
determinate the quality notion. In the same purpose is necessary the early 
identification and elimination of the bridge structure weak points.  

The quality determination has been structured in ISO 9000 standards and analyzed 
with the “7 instruments” analysis methods. From these instruments, with the help 
of Pareto Diagram it’s graphically presented the connection between defects and 
associated costs considering the defects importance order and the existent financial 
resources.        
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Summary 
One of the reasons for the use of waste materials is decreasing amount of suitable 
non-renewable raw materials for production of building materials in some areas. 
The paper describes the issue of utilization of industrial waste materials, namely 
waste foundry sand and blast furnace slag as fillers to epoxy resin-based repair 
materials for concrete structures. These repair materials are supposed to be used 
for reinforced concrete structures. One of the advantages of these materials is also 
lower price in comparison to produced materials with similar properties. The most 
important contribution of these materials is from the point of view of the 
environment. Waste materials are saving natural sources, which could be spared 
for more convenient use. Also the use of waste materials is reducing load to the 
environment. The paper describes development of protective and repair materials 
for reinforced concrete structures. 

KEYWORDS: concrete rehabilitation, polymer materials, waste materials.  

1. INTRODUCTION 

The length of life cycle of reinforced concrete construction is significantly 
influenced by the corrosion factor of concrete and particularly of the reinforcement. 
Highly developed concrete corrosion can cause concrete structures breakdown. 

Concrete can be eroded by invasive fumes and vapors, aggressive waters and 
solutions, some solid substances, sometimes by the impact of biological factors. 
Concrete protection can be divided into two parts:  

-   primary protection 
-   secondary protection 

By primary protection we mean especially concrete mixture quality improvement, 
concrete consistence, suitable part selection and so on. 

By secondary concrete protection we mean measures, which are made after pouring 
of concrete. For example: painting, toppings, repair material, which will cut down 
the impact of aggressive materials to a structure. It is possible to implement these 
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measures at later stage of construction stage or after several years from conclusion 
of construction. 

By far the most significant of steps in successful concrete structure repair is the 
well-performed step of survey of structure and then following choice of optimally 
designed rehabilitation technology including surface treatment. For survey of 
damaged concrete structures a methodology has been developed. In case of 
atmospheric corrosion, especially for CO2 attack, a damage classification and 
common suggestions for minimum measures for concrete rehabilitation 
construction has been developed by our institute.      

Surface mending. The aim of using of repair materials is to mend the surface of 
reinforced concrete structure elements to its the original shape, respectively to 
reinstate or to make the cover layer over reinforcement thicker. Repair material 
serves above all to maintaining of longevity of reinforced concrete elements and to 
reinstatement of its original appearance. 

For secondary concrete protection materials based on polymers are mostly used, 
namely epoxy resins. Disadvantage of the use of these materials is their cost. For 
cost effective repairs the use of waste materials as fillers to polymers should be 
considered. An advantage of usage of waste material as fillers for repair materials 
is the use of industrial waste and therefore its subsequent liquidation. By the same 
token mineral resources are protected. Mining and processing negatively effects the 
environment.  

The requirement of property of epoxy concrete material is adhesiveness to the base 
material and firm hold. Good bonding can be achieved only when the original 
surface is properly prepared and correct preparation of the base is made for 
achieving the best possible adhesion - minimally 1,5 N/mm2. Prepared surface 
must be solid, load bearing, homogenous, well joined with load bearing 
construction, dust free, grease free and free of all other impurities, which might act 
as separator, without bigger pores as well. Further must be without raising 
dampness. Advantage is a dry base with maximum residual dampness to 4 %. In an 
opposite case, special material suitable for damped base must be used. As an 
example of such a material, epoxy resin LENA P102, made by Lena Chemical 
Ltd., Czech Republic can be used. This type of epoxy resin is possible to apply to a 
damp base and is possible to use even for underwater jobs. 

 2. MATERIALS USED FOR PREPARATION OF NEW REPAIR 
MATERIALS  

2.1 Waste Materials - Fillers 
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Granulated blast furnace slag: Slag is created by rapid cooling down of molted 
liquid slag, which is a by-product in production of iron in blast furnaces. The 
quicker is the process of cooling down, the more of glassy substance is contained 
in slag and slag is power richer, it means more reactive. Slag is characterized by 
ratio of glassy and crystallic substance, chemical and mineralogical composition. 
For the use as a filler granulated blast furnace milled slag has been chosen, 
produced by a company Trinecke Zelezarny, modified by a company Kotouc 
Stramberk Ltd., Czech Republic. (Bulk density) Specific weight 2850 kg/m3, 
specific surface 388,7 m2/kg, dampness 0,02 %. 

    
Figure 1,2. Images show  milled blast furnace slag grains enlarged by scanning electron                           

microscope (enlarged  520 x), (enlarged  1500 x)  

Foundry sand: Foundry siliceous sand is foundry by-product, where clean 
siliceous sand for better strength is mixed with e.g.  bentonide, water glass, or with 
mix of these substances or with others substances and then filled into molds. 
Substance is pressed and mandrel is put in place. After casting, a product is left to 
cool down. The cast is moved on grate, where the mold breaks up. In a hopper, 
which is placed below grate, sand is sorted out. Sand is further placed into storage 
chambers. Foundry sand from a gray foundry UXA Ltd., Brno, Czech Republic has 
been used. Specific weight 2580 kg/m3, dampness 0,13 %. 

 

 
 
 

 

 

 
 
 

Figure 3. Optical microscope image shows foundry sand grains  (enlarged 40 x) 
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2.2 Raw Material - Fillers  

Siliceous sand: Siliceous sand has been used as filler to the referential mixture. 
Commercial standard sand has been supplied by a company GEBRUDER 
DORFNER GmgH, ISG mbH, Scharhof 1, D 922 42 Hirschau, Germany. Siliceous 
sand DORSILIT contains more than 98 % SiO2. Sand is several times washed and 
properly sorted out to gain over more than twelve varieties. Sand is free of 
impurities and particles are of round shape. Mixture ISG A1 used has grading of 
0,06 – 1,5 mm. Field of application - filler for polymer concrete, for production of 
plaster mixtures, filler for self leveling floor mixtures, for glue production, for 
pointing mixtures, for topping mixtures. Physical chemical property - chemical 
characteristic: silica of white- gray color, dampness 0,01 %, specific weight 2 650 
kg/m3.  

 
 
 
 
 
 
 
 

 

Figure 4. Optical microscope image shows siliceous sand ISG A1 grains  (enlarged 40 x)  

2.3 Bonding Agent 

Epoxy Resin (ER): Epoxy resin is used for production of paints, glues, laminated 
plastics, poured and pressed matter and varnishes. Resins have excellent tenacity 
properties with concrete, ceramics, metals, wood and other materials. Resins are 
water resistant, alcalic, acid and some solvents resistant, have excellent chemical 
and electro-insulative properties. Tested epoxy resins used are made by a company 
Lena Chemical Ltd., Czech Republic and are known under the commercial name 
Lena P 130. Resin Lena P 130 is made for the usage in manufacture of polymer 
concretes. Mixture is low viscosity, consists of two parts, and is no solvent 
mixture. Scope of usage - for mixtures used for polymer-concrete flooring in areas 
of heavy traffic in industrial halls, repair shops, storages and so on. Specification: 
workability at 20 0C cca 20 minutes, crushing strength 90 N/mm2, tensile strength 
53 N/mm2, flection strength 93 N/mm2. 
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3. WORK SEQUENCE  

Repair mixtures have been design with waste material fillings and one referential 
(non - waste) mixture recommended by company Lena Chemical Ltd., Czech 
Republic has been chosen. Referential and newly designed mixtures have been 
examined using basic quality tests – tenacity, compressive strength, tensile strength 
in bend.  

Based on these examinations suitable mixtures have been chosen for further 
checking. Further supplementary examination have been carried out-water 
tightness, absorbability, grindability, frost resistance, module of elasticity in bend, 
UV radiation tolerance and vapor of and carbon dioxide permeability. Not all types 
of tests and quality requirements for concrete construction rehabilitation are 
mentioned in specifications. Association for Rehabilitation of Concrete Structures 
issued publication detailing the type of tests, methodology of tests and minimums 
requirements for materials used in field of concrete construction rehabilitation. 
This publication "Technical Conditions for Concrete Construction Rehabilitation" 
(Drochytka et al. 2003) substitutes specifications and repair materials with waste 
material fillers must fulfill minimum requirements - see table below. 

Figure 5. Images of test beams 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 199 
 

Table 1. Required characteristics of repair materials according to Technical Conditions for 
Concrete Construction Rehabilitation (Drochytka et al. 2003) 

Conclusive test Control test Parameter 
Required value Required value 

Compressive strength > 25 N/mm2 

< 50 N/mm2 
> 25  N/mm2 
< 50  N/mm2 

Tensile strength in bending > 5,5 N/mm2 > 5,5 N/mm2 
Cohesion with base (without 
adhesive bridge) 

average > 1,7  
N/mm2 

individually  > 1,5  
N/mm2 

average > 1,1 N/mm2 
individually ≥ 0,8 

N/mm2 

Shrinkage  < 0,5 0/00 -- 
Crack inclination  1 crack of width to 

0,1 mm 
1 crack of width to 

0,1 mm 
Frost resistance T 100 -- 
Coefficient    of thermal 
expansivity 

< 14 x 10-6 -- 

Statistical module of elasticity < 30 GPa -- 

4. SELECTED RESULTS OF TESTING 

4.1 Determination of Tenacity – specification Czech standard CSN  73 2577 

The essence of tenacity test is determination of force needed for separation of 
repair mortar from define area from a base using perpendicular movement. 

Table 2. Mixture contents and results gained from tenacity tests 
Tenacity Mixture Content 

ER [%] 
Content and filler 

type [%] [N/mm2] Tear off place 
130-m 14,3 85,7 siliceous sand 4,23 
10-m 20,0 80,0 foundry sand 3,17 
11-m 22,5 77,5 foundry sand 4,27 
12-m 25,0 75,0 foundry sand 3,13 
16-m 27,5 72,5 slag 3,77 
17-m 30,0 70,0 slag 3,53 
18-m 32,5 67,5 slag 3,13 

in concrete 

 
 
According to Technical Conditions for Concrete Construction Rehabilitation 
(Drochytka et al. 2003) the required value of tenacity of repair materials is > 1,5 
N/mm2 and average > 1,7 N/mm2, to what all tested mixtures complied. 
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4.2 Tensile Strength in Bend, EN ISO 178 and Compressive Strength, EN ISO 604 

Table 3.  Contents of mixtures and results gained from tensile strength tests in bend and 
compressive strength tests 

Mixture Content 
ER [%] 

Content and 
filler type [%] 

Tensile strength in 
bend [N/mm2] 

Compressive 
strength [N/mm2] 

130-m 14,3 85,7 siliceous 
sand 33,00 59,70 

10-m 20,0 80,0 foundry 
sand 13,65 28,95 

11-m 22,5 77,5 foundry 
sand 17,55 33,13 

12-m 25,0 75,0 foundry 
sand 18,75 34,30 

16-m 27,5 72,5 slag 39,30 69,68 
17-m 30,0 70,0 slag 39,60 72,34 
18-m 32,5 67,5 slag 40,50 75,93 

 
According to Technical Condition for Concrete Construction Rehabilitation 
(Drochytka et al. 2003) required value of tensile strength in bend of repair materials 
is > 5,5 N/mm2, all tested mixtures complied. For compressive strength test the 
required value is > 25 N/mm2 and < 50 N/mm2. All examined mixtures complied 
with the minimum value. As far as the maximum value of 50 N/mm2 is concerned, 
this value is needed for silicate materials for reason, that the repair material should 
not have grater module of elasticity than the base material. Polymeric composites 
have generally lower module of elasticity and tested mixtures have reached values 
of elasticity module bellow 5 GPa (see below), therefore it is impossible to take the 
compressive strength test of 50 N/mm2 as being of maximum value. 

4.3 Water Tightness Determination, specification Czech standard CSN 73 2578 

The essence of this test is to determine amount of water, which will be absorbed by 
the tested sample during given time, after 30 minutes. 

Table 4. The amount and type of filler influencing water tightness 

Mixture Content 
ER [%] 

Content and filler 
type [%] 

Water tightness 
[l/m2.30min] 

130-m 14,3 85,7 siliceous sand 0,00 
11-m 22,5 77,5 foundry sand 0,00 
16-m 27,5 72,5 slag 0,00 

 
Gained values show hundred percent water tightness of all mixtures after the elapse 
of given time. Thanks to epoxy resins, which perfectly coats filler grains, the 
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material does not show any open pores and water cannot diffuse into tested 
material.  

4.4 Absorption Determination, specification Czech standard CSN 72 2448  

Absorbability is defined as water quantity, which is absorbed by dried sample into 
his cavities and pores when submerged in water. 

Table 5. Quantity and type of filler influencing absorbability 

Mixture Content ER [%] Content and filler 
type [%] 

 
Absorption [%] 

 
130-m 14,3 85,7 siliceous sand 0,20 
11-m 22,5 77,5 foundry sand 0,20 
16-m 27,5 72,5 slag 0,01 
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Figure 6. Influence of filler type on absorbability test 

From gained values is perceptible, that the least, virtually - zero absorbability, 
show mixtures containing blast furnace slag. Mixtures containing siliceous sand 
ISG A1 and foundry sand have values 20x higher. It is caused by pores and 
cavities, which occur on the surface of tested samples and are caused by imperfect 
coating of material grains of filling by epoxy resin on the surface of the sample on 
the contact area with the mold. When the test of absorbability is performed, water 
gets into pores and cavities, therefore these mixtures show some percentage 
increase in weight of water. Mixtures made out of blast furnace slag do not show 
pores and cavities. 
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4.5 Frost Resistance, specification Czech standard CSN 72 2452 

Frost resistant mortars are tested by alternate freezing and defreezing of tested 
samples water saturated. One freezing cycle consists of at least four hours of 
freezing at temperature - 20 ± 3 0C and at least two hours of defreezing in water 
bath with temperature about 20 ± 3 0C. Tested samples were subjected to 100 
freezing cycles. Then tensile strength test in bend and compressive strength tests 
have been carried out. 

Table 6., 7. Mixture contents and frost resistance tests results (after 100 freezer cycles) 
Compressive strength [N/mm2] 

Mixture Content 
ER [%] 

Content and filler 
type [%] Before 

examination 
After exam. 

130-m 14,3 85,7 siliceous sand 59,70 57,38 
11-m 22,5 77,5 foundry sand 33,13 29,88 
16-m 27,5 72,5 slag 69,68 69,13 

 
Tensile strength in bend  [N/mm2] 

Mixture Content ER 
[%] 

Content and 
filler type [%] Before 

examination 
After exam. 

130-m 14,3 85,7 siliceous 
sand 33,00 31,50 

11-m 22,5 77,5 foundry 
sand 17,55 15,25 

16-m 27,5 72,5 slag 39,30 39,30 
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Figure 7.,8. Image showing influence of filler type at frost resistance test 
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According to Technical Condition for Concrete Construction Rehabilitation 
(Drochytka et al. 2003) repair material must comply with 100 freezing cycles. This 
requirement has been fulfilled by all tested mixtures. 

4.6 Module of elasticity in bend, EN ISO 178 

Table 8. Mixture contents and resulting values of module of elasticity in bend  

Mixture Content 
ER [%] 

Content and filler type 
[%] 

Module of elasticity in 
bend [GPa] 

130-m 14,3 85,7 siliceous sand 4,861 
11-m 22,5 77,5 foundry sand 2,948 
16-m 27,5 72,5 slag 2,857 
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Figure 9. Image showing influence of filler type on module of elasticity in bend   

According to Technical Conditions for Concrete Construction Rehabilitation 
(Drochytka et al. 2003) module of elasticity in bend of repair material must have 
value  < 30 GPa. All tested mixture fulfilled this requirement. 

 
4.7 UV Radiation Tolerance Determination, specification Czech standard CSN 67 
3091  

From Tables 9, 10 follows that epoxy resins even when mixed with waste material 
fillings show after tests of UV radiation tolerance excellent tenacity properties. 
Tested mixtures were subjected UV radiation for a period of 250 hours. Cracking 
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and peeling of material has not developed, only change, after exposing of materials 
to UV radiation, has been change in color.  Samples with foundry sand have not 
shown any changes in color, whereas siliceous sand ISG A1 and blast furnace slag 
materials caused color change-samples turned yellow. 

 
Table 9., 10. Mixture contents and resulting values gained from UV radiation tolerance 
tests (after 250 hours) 
 

Before examination 

Mixture Tenacity        
[N/mm2] 

Tear off 
place Color Cracking, 

peeling 

130-m 4,23 gray with shine 
11-m 3,27 black with shine 

16-m 
 
 
 
 
 

3,77 in
 c

on
cr

et
e 

gray-greenish with shine 

 
 

none 

 

After examination 

Mixture Tenacity        
[N/mm2] 

Tear off 
place Color change Cracking, 

peeling 

130-m 
 
 
 
 
 
 

4,06 
turning yellow           with 

shine 
11-m 3,23 without changes 

16-m 

 
 
 
 
 

3,74 in
 c

on
cr

et
e 

turning yellow           with 
shine 

 
 
 

none 
 
 

 

5. CONCLUSIONS 

By comparing tests on trial samples of individual mixtures with values mentioned 
in publication Technical Conditions for Concrete Construction Rehabilitation 
(Drochytka et al. 2003) is possible to conclude, that mixtures of waste materials 
fulfill and in some aspects significantly surpass required values. 

Characteristics of newly developed epoxy resins repair materials especially with 
blast furnace slag surpass properties of mixtures using siliceous sand.  

The possibility of usage of waste material as fillers for epoxy repair materials in the 
area of concrete construction rehabilitation has been shown. 
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Usage of these materials is profitable in the light of decreased monetary expense on 
the production of epoxy concrete repair plasters.  

The most important aspect however is ecological standpoint - it saves non-
renewable sources of high quality siliceous sands which are used e.g. for 
production of Czech glass. Estimated deposits of high quality glass sands in Czech 
Republic are estimated to last only for max. 15 years. Indispensable positive 
element is also the usage of industrial wastes, which is continuing to rise in 
quantity every year.  

Development of above mentioned mixtures containing waste materials as fillers is 
still in progress. Materials meet requirements of main document in the Czech 
Republic, Technical Conditions for Concrete Construction Rehabilitation 
(Drochytka et al. 2003) and search for other test and its implementation required by 
EU standards is also in progress. 
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Summary 
With the progress of nanotechnology new processes are being explored to produce 
self-cleaning material. Nano-TiO2 particles may be integrated into the matrix of 
mortars, paints or concrete. At the presence of UV-light, these particles serve as 
highly active catalysts transforming organic matter and airborne pollutants into 
CO2 and water, extending the longevity of the aforementioned material. In this 
study, a literature review on the subject of photocatalysis is presented. Special 
weight has been given on the construction material-related studies. The layout of 
planned experiments to test the plausibility of applying this novel method for 
material used in bridge construction is subsequently discussed.  

 

KEYWORDS: photocatalysis, titanium oxide, self-cleaning, concrete, concrete 
durability. 

1. INTRODUCTION 

Titan oxide is a metal oxide semiconductor. When the right amount of UV-
radiation is adsorbed (usually through solar light), a so-called hole-electron (h+-e-) 
pair is formed, creating very powerful oxidizing and reducing agents (Fig. 1) In the 
presence of air or oxygen, UV-irradiated TiO2 is capable of destructing many 
organic contaminants completely. TiO2 first catalyzes the formation of hydroxyl 
and perhydroxyl radicals: 

  •• + →+ 2
,2

22 HOHOhvTiOOOH

Subsequently these two extremely reactive radicals can cause extensive 
conversions of organic materials: 

  OHCOCHHOHO 2242 422 +→++ ••
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Figure 1. TiO2 photo-excitation process. (VB: Valence band, CB: Conduction band,           

R: Reduction, O:Oxidation) 

 

2. APPLICATIONS OF PHOTOCATALYTIC OXIDATION 

2.1 General applications 

The photocatalytic properties of titanium dioxide were first reported in the early 
1960s (1). In the past two decades though, research in this field has gained 
impressive momentum due to the superior characteristics of TiO2 as a 
photocatalyst (2): (a) it is inexpensive, safe and very stable, showing high 
photocatalytic efficiency, (b) it operates at ambient temperature, (c) it promotes 
oxidation of the major classes of indoor and outdoor pollutants, (d) no chemical 
additives are required.  
Nanotechnology and photocatalysis in particular has in this manner offered a very 
important tool for the waste gas and wastewater treatment technology (1, 3). Various 
practical solutions and applications have been presented in recent years, including 
the elimination of micro-organisms such as bacteria (4-6), viruses (7) cancer cells (8), 
as well as the indoor purification of air (9). 
 

2.2 Applications in Construction Industry 

Titanium oxide has been used in paints due to its white colour long before its 
photocatalytic ability was studied. Nowadays its special properties have rendered it 
an important material for nanotechnology. As a coating of various construction 
materials, it serves two important functions; it oxidizes contaminants at the 
material surface, serving as a self-cleaning medium, thus prolonging the life of the 
material. It has already been applied for concrete (10), glass (11) and even plastic (12). 
In heavily polluted urban areas TiO2-coated material may even serve as an air 
filter, with the ability to mitigate environmental pollution.  Lately road      
pavement (13-14), as well as paint for building facades (15) has been used to reduce air 
pollutants with very encouraging results.  
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3. PLANNED EXPERIMENTS 

As the literature at hand shows, the application of nanotechnology in the field of 
self-cleaning construction materials is very promising. A series of experiments are 
planned to test the plausibility of using photocatalysis as a self-cleaning process for 
material commonly used in bridge construction. Mortars and concrete will receive 
a titania coating using the precipitation method under vacuum conditions. Their 
durability under corrosive conditions will then be compared to that of conventional 
building materials. The photocatalytic activity of the material will be optimized 
using different transition metals as additives (16). The experiments are to be 
performed in co-operation with the industry. Further experiments are planned to 
test the materials’ ability to clean the surrounding air. A pilot plant will be built for 
this purpose.  
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Summary 
The paper deals with the reliability and durability of concrete and pre-stressed 
concrete bridges and with the decision-making processes and risks what to do with 
the bridge in a certain stage of life time. It describes the most frequently occurred 
failure causes within the realization, operation and reconstruction of the bridge 
structures. At the end there are mentioned some NDT methods, which are used in 
bridge diagnostics. 

 
KEYWORDS: concrete bridges, reliability, durability, failures, safety, decision-
making, NDT methods. 

1. INTRODUCTION 

Problems of the durability of concrete bridges and pursuit of the prolongation of 
their service life or optionally change in their usage is very topical matter today in 
particular from the following reasons: 

- on considerable part of existing concrete bridges, evidences of ageing and 
damage start more and more to occur in the greater range that indicate oncoming 
exhaustion of load carrying capacity. 

- demands on usability and resistance of bridges are growing rapidly today (the 
intensity of the traffic load is growing, axle loads of vehicles are increasing, by the 
damaging emission, the effects of environment on bridges are growing worse). 

- construction of new objects is demanding on consumption of still rear raw 
materials and energies. Disposal of removed bridge structures is connected with a 
lot of technical and ecological problems. 
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2. DURABILITY OF BRIDGES AND ITS SECURING (FACTORS 
INFLUENCING BRIDGE DURABILITY) 

Durability of bridges is indivisible part of their reliability. The bridge has required 
durability, if it serves reliability conditions from the viewpoint of decisive limit 
states during the supposed life time T∞ . These limit states are set down by actual 
codes and regulations.  

It can be possible only in that case if the initial bridge condition, given by the 
quality of project and realization, is on needed level and effects of load and 
environment will not during the time grow worse insomuch as the reliability 
system (structure, load and environment) will stop to work good due time t < T∞ . 

On the basis of cause analysis of the bridge failures that occur the most frequently, 
it was found out the following percentage distribution of failure causes in the 
realization of bridge structure: according to the literature [1]. 

 
20% of failure causes are included already in the design of bridge structure 
(geological survey, project preparation and works connected with the preparation 
of realization). 

50% of failure causes come directly under the process of bridge construction 
(material quality, wrong detail, lack of technological discipline). 

15% of failure causes are possible to predicate directly to the operation. 

15% of failure causes are possible to predicate to the other effects. 

 

If we analyse failure causes further we find the important fact that from all of the 
failure causes it is possible to predicate 80% of them to the human factor failure 
and only 20% are caused in the consequence of the bridge load. 

From above mentioned it follows that construction of bridge object require high 
demands on qualification and quality of all the workers, namely during all stages of 
construction. On the Fig. 1 can be seen time intervals in life time of bridge 
structure. 
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Fig. 1 Reliability and life time of bridge structure 

The time t2 to t4 would meet our presumption about safe operational usage of 
bridge. Then decision-making process arrives what to do with bridge next. 

3. RECONSTRUCTION OF BRIDGE 

For user, it means to consider whether: 

- modernisation of operation on the bridge is necessary and whether this 
arrangement will require intervention to carrying superstructure of bridge or  

- reliability bridge condition (i. e. defects and failures) is of so much serious 
character that there is need to put a certain effort on its improvement within the 
framework of structure safety. 

 

Basically it means two types of reconstruction that are joined together often in 
practise. 

a) Reconstruction caused by change of operation is joined with the general repair 
of carrying bridge superstructure during that until now arisen failures are removed. 
In the same time, the needed durability of bridge is assured along further functional 
period with the same parameters of social needs. 

b) Reconstruction caused by failures in carrying bridge superstructure can cause 
under specific conditions even such decision that can produce reduction of bridge 
usage (i. e. reduction of load carrying capacity), removing of substantial defects 
and leaving the bridge to serve to the end of the life time in limited operational 
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conditions for some time only. Supposed period for this decision should not be 
more than 5 years. 

 

Decision-making process about necessity or possibility, range and method of 
reconstruction is often very difficult because there is need to take into account set 
of many contradictorily acting factors namely above all: 

- Purpose of reconstruction (including considerations about the social importance 
of the bridge). 

- Economical aspects (the viewpoint of moral life time), rate of initial costs to 
maintenance costs. 

- Possibilities of technical solutions (comparison of structure condition with 
available technical means). 

 

In decision-making process it can not be omitted the fact that the condition of 
bridges built in the same period, by the same technology and at the same traffic 
load, can be substantially different, namely through the climatic impacts and 
through the effects of aggressive environment. They were not envisaged in 
complex in the bridge design in the past, but they were solved only by the taking 
into account of code requirements that set down maximum permissible crack 
widths, eventually the necessary depth of cover layer. 

Both the effects of environment and the structure resistance against them are 
variable values, see [2], that can be influenced by many other factors both in 
project and in bridge construction and during its operation (e. g. by the shape of 
carrying bridge superstructure, surface structure, compactness of concrete, usage 
and arrangement of reinforcement, total level of production and its control, 
influences caused by shrinkage, strain, flow of interacting media, maintenance of 
operational devices). 

On Fig. 2 the interaction of system (structure, loads and environment) is illustrated 
in simplified way during the time for the bridge that would demonstrate a long life 
time in favourable environment. 

Fig. 2a shows the influence of random variability of environment impacts Up and 
the influence of structure resistance Op on the possible moment of the beginning of 
corrosion of concrete or reinforcement (degradation Op by influence of Up). 

Fig. 2b further shows the course of reducing of the bridge structure resistance Oz 
from the viewpoint of ultimate limit state and eventual rise of failures from this 
viewpoint, which will come into being if Oz  < Uz. 

It is evident that first failures can arise already much earlier than it is supposed    
(t´a < t´b), even though with the little probability. 
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Fig. 2 Scheme of interaction of reliability system (structure, loads & environment in time t) 

 

Points marked out on Fig.2 (a, b) A(ta), B(tb), C(tc) show examples of possible 
moments of the beginning of corrosion and the C1 – C3 courses of reducing of the 
bridge structure resistance Oz against loading by the corrosion influence are 
connected with them. 

From above mentioned examination it is evident that reliability and durability of 
bridge structure is complicated matter. There is need to proceed during the 
examination in a complex way and carry out always substantial analysis of all the 
possible causes under them it can come to the bridge failures. Only then, on the 
basis of complex analysis carried out in this way, we can come up to the decision-
making process, how to proceed with bridge ahead. Even in a very careful 
approach, though for assessment and decision-making process we shall use results 
of diagnostic survey, eventually completed ones by loading test in any case we 
meet the certain risk. 
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4. RISK IN DECISION-MAKING PROCESS WHAT TO DO WITH THE 
BRIDGE IN A CERTAIN STAGE OF LIFE TIME 

Each progress and each change bring the certain risk with themselves. We could 
understand it in connection with progress as a positive effect. We get information 
about risks that could be accurate, sometime less accurate and sometime even 
knowingly garbled. Risks remain often inexplicable and they produce fear and 
worries. There is need to assess the risks at construction and operation of bridge 
from various viewpoints, namely during the course of whole life time of bridges: 

- collapse of carrying bridge superstructure can be an extreme case, 

- total collapse of structure and its putting out of operation. 

The risks in decision-making process, what to do with the bridge in a certain stage 
of life time, are important extraordinary. Just these risks should be the objective of 
other studies, because they can influence considerably the future of ever increasing 
number of built bridges. 

5. NDT BRIDGE DIAGNOSTICS METHODS 

Beside a classical bridge inspection methods, which are realized in regular periods 
(main, secondary, and control inspections) there are special inspections, which are 
carried out after disaster’s occurrence, in case of detection of any change in soil 
body or after presence of rebar corrosion symptoms, etc. 

The classical bridge inspection methods are visual inspection, carbonation depth 
survey, content of chloride survey, core analysis, etc. 

New NDT methods like ground penetrating radar, ultrasound, acoustic emission, 
infrared thermography, radiography, vibration analysis are used more often today 
[3]. 

Bridge structure can be instrumented with structural testing system for medium and 
long-term monitoring. This way a structural movement or degradation over periods 
of time is monitored and the data can be downloaded via telephone modem and 
remotely viewed in real time or automatically stored on a periodic basis. 

CDV- Transport Research Centre is dealing with two from above mentioned NDT 
methods (acoustic emission - AE and ground penetrating radar - GPR) [4]. 

CDV proposed the best practice guideline called Diagnostic survey of road bridges, 
monitoring methods and evaluation of rebar corrosion in concrete by acoustic 
emission method, which was submitted for an approval to the Czech Ministry of 
Transport. 
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Acoustic response of studied structure to an evoked loading is evaluated there. 

Basically there are two possibilities for application of AE method. The first one is 
long term monitoring of a whole structure or its parts by array of AE sensors. The 
second one is one-shot investigation by AE method, which should be carried out 
periodically. 

In the proposal there are mentioned the following basic ways of a bridge loading: 

static – loading vehicles are placed in the middle of the arch span, 

dynamic without impact – loading vehicle or vehicles travelling along the bridge 
with constant speed 0,5 km/h, 

dynamic with impact – loaded lorry travelling with constant speed across the 
wooden chock of constant  high, see Fig. 3, 

under traffic operation. 

 

 
Fig. 3 Bridge dynamic loading with impact 

 

The measurement is carried out on the base of prepared testing procedure, whose 
important part is a loading scheme. An example of loading scheme in case of 
dynamic loading with impact shows Fig. 4 (wooden chock placement, AE sensors 
location, etc.). 
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Fig. 4 Bridge loading scheme 

Recorded AE signals are analyzed (number of AE events and their parameters, 
frequency analysis, time-frequency analysis) and AE sources are classified.  

Fig. 5 shows frequency spectra comparison of signals recorded during dynamic 
loading of the bridge with impact in the middle of the same girder before and after 
reconstruction of the bridge, where the original girders remained the same. 
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Fig 5 Girder evaluation: frequency spectra comparison (before and after reconstruction) 
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CDV partakes on solving of some research projects where the Ground penetrating 
radar possibilities are studied in the field of road evaluation. Currently CDV 
concentrates its effort also to GPR usage in the bridge evaluation area [5]. 

In the Czech Republic the GPR diagnostics of bridges is limited to a pavement and 
a bridge deck control. The GPR problematic is not standardised in the Czech 
Republic in contrast to USA and UK. 

Fig. 6 shows GPR radargram at the edge of Gutter bridge, which was subsequently 
reinforced and filled with concrete and its interpretation in the form of the graph. 

 

 
Fig. 6 Gutter bridge: GPR radargram, graph interpretation 

 

Usage of suitable combination of NDT methods gives more precise survey results. 
In the case of GPR it is appropriate combination with infrared thermography 
method. 

6. CONCLUSIONS 

The reliability and durability of the concrete and pre-stressed concrete bridges 
depend on their initial condition, on the quality of project and realization and 
further on the effects of operation and environment. The durability of bridges is an 
indivisible part of their reliability. Important decisions are made just before the 
reconstruction of the bridge or after their failures. In such decision-making 
processes some factors as purpose of reconstruction, economical aspects and 
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possibilities of technical solutions and necessary risks too should have been taken 
into account. 
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Summary 
The purpose of this paper is to define the concept of ‘territorial development 
system’, in line with stated international and national formulations.  

At the core of European policies, principles based on the concept of sustainable 
development emphasize the importance of considering the needs of all inhabitants 
of the European region, without compromising the rights of future generations. 

The purpose of such policies is to adapt the economical and social needs of the 
territory to its ecological and cultural functions and therefore to contribute to a 
bigger scale territorial development, more sustainable and balanced.    

The faster the pan-European transportation network is built, the more accessibility 
is gained for the inner European continent. Agreements made by each country for 
the network’s creation and development should be checked and supplemented in 
terms of territorial arrangements. 

At national level, Romanian priorities were established by the National Strategic 
Reference Framework (NSRF). NSRF was ratified by the European Committee and 
has the task of connecting national development objectives to European ones. The 
rationale of NSRF is to manage economical, regional and social cohesion policies 
of Romania without loosing sight of the broader picture, i.e. the European 
Committee’s policies of economical development.   

 

KEYWORDS: territorial development, sustainable development, development 
strategy   

1. INTRODUCTION 

In 1989 Europe came out of a long period of political division in which economies 
and, we may say, the entire societal organization, were out of sync. Since 1989, 
Europe extended from 22 to 41 states, but economical discrepancies between the 
states of the European Council also grew. Acknowledging the major economical, 
social and cultural differences, state and government leaders came to the 
conclusion that the lack of social cohesion is the most urgent problem of Europe, 
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and therefore asked the Committee of Ministers to work out a social strategy that 
responds to the needs of the society. The European Conference of Ministers 
Responsible for Regional Planning (ECMRP) was also asked to contribute to this 
mission by assisting the sustainable development of the regions, thereby 
strengthening the democratic structures of Europe.  

At the core of European policies, principles based on the concept of sustainable 
development emphasize the importance of considering the needs of all inhabitants 
of the European region, without compromising the rights of future generations. The 
purpose of such policies is to adapt the economical and social needs of the territory 
to its ecological and cultural functions and therefore to contribute to a bigger scale 
territorial development, more sustainable and balanced. The implementation of 
such policies requires a close coordination between territorial arrangements and 
sectorial policies which influence, by the outcomes of their decisions, the territorial 
development policies of Europe. European principles also consider international 
cooperation at a global level.  

By taking into account the continental dimension of Europe, new opportunities are 
revealed for territorial arrangement policies but also, new challenges appear. 
Among the valuable resources of Europe, that must be dully treasured, are the 
variety of landscapes and cultures that characterize the territory. In preserving this 
treasure, cooperation within and between different European spaces must be 
ensured.    

Europe’s geographical location offers great opportunities for development. 
Because Asia is the most populated continent and because its rate of economical 
expansion is substantial, the opportunity is given by the bridge function of the 
Eastern countries, members of the European Council, mainly through the 
development of new exchange corridors. The development and organization of 
transportation networks are of great significance in this respect. 

The proximity of Europe to Northern Africa, which grows due to new methods of 
transportation and communication, encourages a great cooperation between all 
Mediterranean states from Europe and Africa. This implies strengthening the 
cooperation in economic and tourism terms, as well as placing greater value on the 
national cultural heritage for the urban and regional development. For a better, 
more equal, sustainable and integrated development of the Mediterranean area, the 
economical and social development should be followed by a corresponding policy 
of territorial arrangement.   

2. EXAMPLES OF TERRITORIAL DEVELOPMENT SYSTEMS 

The European continent’s main characteristic is its mix of cultures of national and 
regional importance, with the multitude of spoken languages being just one of the 
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evidences. The cultural variety is reflected in ways of expression (art, languages, 
architecture) but also in ways of economical activities, of moving and living. 
Cultures have shaped the existing heritage of Europe. Therefore the cultural variety 
that, in the past, was a cause for tensions and conflicts is nowadays a big potential 
for the sustainable development of the region.  The modern ways of social and 
economical development shouldn’t undermine cultural identities, on the contrary. 
The Grenada Convention referring to the Architectural Preservation of European 
Heritage (European Council, 1985), the Valetta Convention referring to 
Archeological Heritage Preservation (European Council, 1992) and other 
conventions underline important ideas for the preservation and capitalization of the 
cultural heritage in ways of a sustainable territorial development. 

The social cohesion of Europe was strengthened by the cooperation between the 
main European regions. One of these regions is the European Union. Its principles 
and objectives for territorial development are stated in the European Spatial 
Development Perspective (ESDP). 

With economical integration and globalization comes economical growth but also 
negative consequences for the environment and the social cohesion.  

There is the risk, especially in new member states, of development only around 
metropolitan areas. Therefore, smaller cities and rural areas might be disconnected 
from the growth process. Europe has the necessary potential to accomplish a 
polycentric model of growth and development. Polycentric development 
contributes not only to the preservation of the environment, but also reduces social 
tensions, thereby sustaining the democratic structures. 

The new transportation network of the European continent consists of the 
Transeuropean Transportation Network from the European Union, the Pan-
European Corridors and Transportation Areas such as TINA Network. The main 
priority of such transportation networks is to connect the metropolitan areas. The 
Pan-European Transportation Network reflects the priorities of European policies 
of transportation, as stated by the European Union’s Decisions and the three Pan-
European Transportation Conferences. 

However, the Pan-European Transportation Network is not a realistic pan-
European transportation policy, as the road traffic is unbearable, the railway 
network in most regions needs urgent modernization and exchanges between far 
apart regions are very difficult. Considering all the above and other alternative 
routes, the transportation system might need some reorganization.   

Economical integration in the European Union is moving forward quickly but, 
despite the substantial progress made, there are still unsolved issues of social 
cohesion, caused by the big gap between East and West.  Therefore efforts will be 
made towards infrastructure strengthening, development of the rural and 
underdeveloped regions, as well as small and medium cities. The focal objective 
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should be a territorial arrangement policy that emphasizes growth, a closer 
cooperation with the private sector and more consideration of environmental 
policies. 

The new advanced communications system should be a very important step 
towards integration between old and new members of the European Union, as the 
data and knowledge exchange is eased.  

Private investments are a big part of social development and, consequently, of 
territorial development. One of the tasks of territorial development is to offer 
private investors a prospect of development and of territorial arrangement security. 
Furthermore, the territorial arrangement policy, along with adequate regional 
policies, should encourage private investment at a local and regional level.  
Because public financing is not sufficient, especially for technical and social 
infrastructures and associated services, private investments will gain an important 
role in accomplishing the objectives of territorial development. Considering this, 
public-private partnerships should be encouraged in the coming years, especially in 
the areas that were previously confined to public finance.   

 

 
 

Figure . 1. Transeuropean Transportation Network, Corridors and Pan – European 
Transportation Areas 

The housing sector has an important role for a more equal and sustainable 
territorial development, due to its social function and its impact on economy and 
work labour. Economical and demographical growth leads to significant changes in 
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real-estates demand, not only in terms of quality and quantity, but also with respect 
to territorial locations. 

A sustainable development of the European territory should be guided by 
principles of equitable regional development. Decisions and investments in 
territorial arrangement should be guided by a poly-centric development model. For 
this, European metropolitan areas should improve their offer of economical 
investment, and under-developed regions should strengthen their economical 
investments. To materialize these ideas, there is a need for regional involvement 
and active territorial policies.  

The faster the pan-European transportation network is built, the more accessibility 
is gained for the inner European continent. Agreements made by each country for 
the network’s creation and development should be checked and supplemented in 
terms of territorial arrangements. A good policy of equitable regional development 
should aim at ensuring better connectivity between small and medium cities, and 
linking rural regions to the main ways of transportation. For all the regions to be 
accessible, the missing transportation links between regions should be filled. Because 
of the continuous growth of traffic streams, other ways of transportation should be 
considered – such as railroad transportation and shipping, which cause minimum 
damage to the environment.   

Nowadays, environmental impact is becoming an important issue of discussion. 
Having the target of an environment-friendly territorial arrangement, a series of 
ideas should be considered. First of all, agriculture and forestry should be made 
less destructive to the environment, in terms of transportation and energy. More 
systems that are environmentally friendly should be promoted. The eco-system 
from polluted areas should be regenerated. We must not forget the relaxing value 
of some areas and the importance of environment to the quality of life. Therefore, 
the Pan-European Strategy of Biological and Landscape Diversity (1996) should be 
considered in an integrated territorial arrangement policy.   

Cultural heritage is a chief factor for territorial development, given its value for 
investors, for tourists and for locals. Territorial arrangement should contribute to a 
higher-level process that protects and preserves the national and regional heritage 
considering the needs of the society. All the relics and testimonies of the old 
cultures, the industrial and social history of Europe should be preserved for future 
generations. Of interest is not only preserving past, but also ensuring a harmony 
between the modern architecture and the historical heritage.    

The territorial arrangement should respect all nationalities and religious groups, by 
arranging a specific layout in line with cultural heritage.   

Investments in the Euro-corridors are greatly influenced by the regional and local 
economy. For the territorial arrangement, Euro-corridors should not be considered 
just as superior infrastructures. There are many aspects that need to be taken into 
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account – the interaction between the Euro-corridors and the regional and urban 
transportation network, the regional economy and especially the environment. 
Environmental studies and territorial programs, plans and projects that reduce the 
damage to the environment and coordinate the major transportation networks with 
the regional ones should be made prior to the development of transportation 
infrastructures. 

A big influence for territorial arrangement policies comes from transportation 
nodes (highway intersections, important railway stations, airports). They impact 
not only the environment but also the regional economy and interactions with the 
regional transportation infrastructures. For proper integration of territorial 
arrangement and transportation policies, all the above mentioned interactions 
should be considered.   

Territorial arrangement is a task of cooperation and full involvement/participation. 
The variety of structural and territorial issues requires a close cooperation of 
political and administrative institutions. The long term and bigger scale concepts 
should serve as reference for the individual and regional projects and measures. 
This idea is particularly important for the new members of the European Union, as 
the actual development of the new states is most frequently based on local projects 
promoted by national or international organizations that are not integrated in a 
higher scale development system and are not sufficiently backed-up by local 
institutions and inhabitants.  

In some parts of Europe the territorial arrangement cooperation system is already 
under construction. The European Spatial Development Perspective (ESDP) was a 
big step made by the European Union for bridging its members. In the Central 
Europe – Danube- Adriatic – South -Eastern Europe region, a close cooperation for 
territorial arrangement has been initiated. The reference document, presented by a 
group of experts, is VISION PLANET. In the near future all the members of the 
European Council will be involved in the trans-national and interregional 
development.  

A first step towards trans-national cooperation is making available territorial 
information from the regional level. Subsequently, such information may be 
compared and monitored. Analyses on territorial development tendencies might be 
elaborated in all European countries. The monitoring of territorial data should 
pertain not only to quantity but also to quality, especially for resources and 
prospects. Having a database with all this useful information requires a small group 
of experts from each country, or a small technical organization that should 
elaborate analyses and information.   

The cooperation between the different levels of administration is very important in 
the European policy of territorial arrangement. Organizational structures should 
allow local or regional authorities to adapt their own arrangement to the policies 
decided at a higher level. National-level authorities should adapt their decisions to 
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the plans and projects submitted by the local or regional authorities. The national 
level structures focus on the trans-national, interregional and national objectives, 
while the regional-level structures assure the sustainability and the efficiency of 
territorial arrangements within the local communities.   

At a national level, priorities are established by the National Strategic Reference 
Framework (NSRF). NSRF was ratified by the European Committee. It connects 
national development objectives to the European ones. 

 
Figure 2. European roads  

The rationale of NSRF is to manage the economical, regional and social cohesion 
policies of Romania and to establish the right links with the European Committee 
policies of economical development.   

NSRF has emerged out of the National Development Plan (NDP), a guide for the 
use of national, communitarian and other funds that Romania had access to. NDP 
justifies the use of public investments from the European Union and plans the 
strategy and the financial program of our country. 

NSRF explains how Romania intends to consider in its strategies the concepts of 
sustainable development of the environment and social cohesion. NSRF was 
elaborated with the input of experts, partners the general public. 

A good infrastructure helps societal development and attracts investments. The 
structural funds are distributed across all domains. In the transportation area, 
investments will improve the transportation network, focusing on the projects that 
belong to the trans-European network, therefore improving the access of the 
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regional network to the higher level. The benefits are obvious: development of the 
regional and national markets, reduction of time and costs of transportation and 
improvements in transportation services. 

The Romanian Government has adopted Law no. 203/2003 regarding the 
development and modernization of European and national transportation routes. 
The law is based on the European development strategies for infrastructures (as 
stated in the White Charta of European Transportation Policy) and the guidelines 
regarding the trans-European transportation networks (TEN-T).   

NSRF defines the structure of the national transportation network according to the 
guidelines made by the European Committee. It identifies the main projects for the 
development of the major Three Axes that cross Romania and link it to Europe.    

In the near future, investments in the TEN-T network should be the main focus. 
The connectivity between transportation networks will be a competitive advantage. 

These developments will reinforce the strategic geographical position of our 
country as a gate to Europe. The strategy’s main purpose is to maximize economic 
benefits for our country, as it is a transit way to Asia. Major investments in 
transportation will try to minimize all negative impact on the environment and will 
enhance the sustainable development of our country.   

This strategy will give a new face to the highways, roads, railroads, air and naval 
routes, upgrading Romanian transportation to a European infrastructure.  

The strategy will stimulate territorial cohesion and will reduce regional gaps, 
improving the local and regional transportation network. The main purpose of the 
national actions is to improve the attraction and accessibility of the regions and to 
sustain the socio-economic development. 

The potential of each region will be exploited individually so that the chances of 
development are maximized. The development of the transportation infrastructures, 
environment, education and tourism will contribute through their local and regional 
accent to the equitable development of the territory.   

3. CONCLUSIONS 

A sustainable development of the European territory is guided by principles that 
emphasize a regionally equitable development. The decisions and investment in 
territorial arrangement are guided by a polycentric development model. There is a 
need of regional involvement and of active territorial policies.  

In the European policy of territorial arrangement the cooperation between the 
different levels of administration is mutual: the local or regional authorities adapt 
their own arrangement to the policies decided at a higher level, and national 
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authorities adapt their decisions to the plans and projects submitted by the local or 
regional authorities. 

At national level, efforts are made to bring the concept of sustainable development 
into policies for territorial arrangement, in line with European practices. This is 
formally stated in Law no. 203/2003 regarding development and modernization of 
the European and national transportation routes and in the National Strategic 
Reference Framework (NSRF). 
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Development of Bridge Management System in Romania 
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Summary 
After 2000 CESTRIN is working to develop the Romanian Bridge Management 
System, as part of the sustainable highway network development effort. The paper 
describes de process of constructing the system as well as the principles of working 
and procedures.  

The system includes all stages of work: inventory of the structures; evaluation of 
the condition; assessment of the necessities; definition of the strategies; 
prioritization of works; application of the selected strategies. 

Software was developed and all the stages and steps were included. This 
instrument is able to collect, store and retrieve data for description of bridges and 
from condition inspections. It can predict future states using Markov chains, can 
attach works and cost to degradations and can evaluate budget needs to 
investments and maintenance.  

KEYWORDS: BMS; Bridge Management System; bridge software. 

1. INTRODUCTION 

General condition of the bridges in Romania directs to the obvious need of using 
modern tools of analysis and decision support for maintenance, repair, 
rehabilitation, reconstruction and replacement. This fact is triggered also by small 
allocation of funds. 

Such an instrument is generically named Bridge Management System – BMS and it 
is implemented in many countries. It is designed as a construction of procedures 
and intervention actions capable to preserve the structure into a predetermined 
functional condition with minimal costs. Of course, condition, cost, and minimal 
are subject to discussion and depend upon the definition each agency uses. 

In the year 2000 Romanian National Administration of Roads (later transformed 
into National Company of Motorways and National Roads), after considering 
several options, initiated the development of its own bridge management system. 
This product was based on the previous achievements, studies, and regulations. 
CESTRIN, the Center for Road Studies and Informatics, was put in charge with 
this project. The project is now in the final stage and conclusions are drawn.   
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2. PROJECT DEVELOPMENT  

In the development of the Romanian BMS, we followed the following 6 stages: 

▪ Inventory of the structures; 

▪ Evaluation of the condition; 

▪ Assessment of the necessities; 

▪ Define the strategies; 

▪ Prioritization of works; 

▪ Application of selected strategy. 

2.1 Inventory 

A multiyear program was put in place to visit all the structures present on the 
national roads. All bridges were identified and measured according to the structure 
record form which allows collecting required data. The form was based on the 
experience previously achieved in development of Road Central Technical 
Databank (BCDTR). Even much of the inventory was in order, the inspections 
revealed that some bridges (about 1%) were never included or for others data was 
obsolete. Also, verification was possible for bridges between 5 and 10 meters, due 
to recent change in bridge definition. 

2.2 Condition of bridge 

An additional form was elaborated to include all degradations and defects 
encountered for each structure. An overall condition index was calculated, 
according to the rules. 

The inspection program was an excellent opportunity to verify and calibrate the 
regulations for assessment of the technical condition. Romanian Norm AND522 
with successive revisions in 1992, 1994, 2002 is dividing the bridges in 5 technical 
classes. After, inspection of more than 2000 bridges and strictly applying the rules 
of the Norm the structures were found in the proportions presented in the Table 1. 

Table 1. Condition of bridges according to AND 522 
TECHNICAL CLASS Condition  Percentage 
I Very good 7% 
II Good 44% 
III Satisfactory 45% 
IV Unsatisfactory 3% 
V Critical 1% 
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The inspectors were required to include also their personal educated subjective 
opinion into 6 classes (adding the imperative to close the bridge). The results are 
presented into Table 2. 

Table 2. Subjective evaluation of bridge condition  
TECHNICAL CLASS Condition  Percentage 
I Very good 2,5% 
II Good 22,1% 
III Satisfactory 50,6% 
IV Unsatisfactory 21,2% 
V Critical 3,6% 
VI Collapse - 

The difference is notable and required immediate address. Therefore, the experts 
were required to pursue all necessary procedures to verify and modify the Norm 
and to assess the level of instruction of bridge inspectors.  

2.3 Development of the software 

Data about the inventory and condition were collected into a specially designed 
database. A software system was developed to handle data. It works as an interface 
between operator/inspector and database but it also provides the instruments for 
calculation of indicators and analysis. Software includes the list of all bridges with 
the possibility to filter them by administration unit and subunit, by type of road and 
road number.  For each bridge any number of inspections may be attached so the 
possibility to observe the evolution in time is offered. This is presented in Figure 1. 

 

Figure 1. Bridge inventory and inspections 
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For each inspection the inspector can collect and store data about: 

▪ Identification, position, description of the structure,  

▪ Materials,   

▪ Technical characteristics, 

▪ Openings,  

▪ Abutments, Piles,  

▪ Equipments, 

▪ Utilities, 

▪ Priority, 

▪ Inspection conditions, 

▪ Defects, degradation, failures, 

▪ Urgent situations, Proposal of restrictions,  

▪ Diagnostic. 

In example, when speaking of identification and position (Figure 2), the supported 
and passed roads are included, geographic situation but also GPS coordinates, if 
they are available. The system is intended to allow further development like GIS 
imaging and analysis. 

 

 

Figure 2. Identification and position data (i.e) 



232 R. Scinteie 

 

Figure 3. Condition assessment 

The subjective assessment of the condition was included (see Figure 3 from 
above). This option was added in observance of the possibility to periodically 
calibrate the inspection regulation, but also for brief evaluation of inspectors’ 
abilities and knowledge.  

 

Figure 4. Works selection 

A list of work actions was selected in co-operation with the administration and 
university experts. The software gives the possibility to attach works from the list 
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to each structure according to its degradations (Figure 4). This can be done by the 
operator, but also, for each type of degradation a work type was attached by default 
so the process can partly be automated. 

 

Figure 5. List of priority and representation of bridge population 

The system is able to perform statistical analysis on different variables, like length 
of the structures, width, age, materials, type of structure etc. A priority rank is 
attached to each structure according to its degradation and importance (Figure 5). 
The list of priority is depicted and order of treatment is assigned. Also, a prediction 
of the evolution of the condition is possible. 

 

Figure 6. Prediction of condition indices 
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Prediction is done for each of the indices specified in regulation AND522, but also 
for the overall condition index (Figure 6). The prediction algorithm is based on 
Markov chains and it was included with the purpose of calculating the future states 
of the structures and the consequences of the application of certain strategies. 

As each condition is associated with works, costs might be calculated and the 
required investment budget is evaluated. Also, budget for annual maintenance is 
highlighted (Figure 7). As the budget is always insufficient, the top of the list 
includes the most eligible structures due to mechanism of calculating the order. 

 

Figure 7. Necessary budget for intervention works and maintenance 

3. CONCLUSIONS AND COMMENTS 

BMS is a useful tool for the Road Agency. It helps the decision making factor to 
improve their planning and programming by offering the possibility to consider 
more options, calculate and predict more accurate the condition and consequences, 
and to analyze the whole inventory simultaneously.  

Though the effectiveness is insured by a mechanism of ranking, a new optimization 
module is developed. 

Further possible directions of development include GIS analysis, and use expert 
system and nondestructive investigations in assessment of condition. 
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Summary 
 The paper presents the research work undertaken during his doctoral studies on 
the electrical simulation on the rheological behavior of the asphalt mixes.  

 
KEYWORDS:   asphalt mixtures, electrical simulation, rheological behaviour, 
analogical models  

 

1. INTRODUCTION/GENERAL VIEW 

1.1. The rheological behaviour of the asphaltic mixtures is of visco-elastoplastic 
nature. 

1.2. Material models (similar, analogical and structural ones) are used to simulate 
the rheological behavior. The analogical, the mechanical, and the electrical ones 
(the last one has the advantages of being very simple and very operative) are the 
most used. 

1.3. The analogical models allow a better separation between the elastic 
deformation and the viscous and plastic ones than the rheological equations 
(relationships which connect the tension values both to the specific deformations 
and their derivatives which change over a period of time)  

1.4. The different domains of the asphaltic mixtures behavior are represented 
according to the deformation amplitude (γ) and the number of cyclic loadings (N) 
at a certain rate. 
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Figure 1 

2. RHEOLOGICAL MODELS  

2.1. We mention below some of the mechanical models used for research regarding 
the behavior of asphaltic mixtures, models for which we further present the 
electrical simulation: 

 a.  The Bűrgers Model; 

 b.  The Gretz Model; 

 c.  The Bingham Model. 

2.2. The Bűrgers model consists of a Maxwell model and a Kelvin one, and models 
the instantaneous elasticity, the aftereffect elasticity and the viscous deformation 
properties. 

 

The second figure presents the mechanical model (a) and the electric ones (c,d) 

 

G1, G2 – coefficients of elasticity; 

η1, η2 – coefficients of viscosity; 

c – the electrical model established through the analogy based on the condenser 
equation; 

d – the electrical model established through the analogy based on the Ohm law; 

c1, c2 –the capacities of the condensers; 

R1, R2 –the electrical resistances.            
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The model we present is a non-linear one (from this point of view being similar to 
the Bingman one); therefore, the characteristic curve shows either the residual or 
the permanent deformation. 

Figure 4 displays the mechanical model (a) and the electrical ones(c, d). 
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The OrCad software can be used to study the electrical models and it can simulate 
analogically, digitally or mixed (analogical-digital). 

With the help of the running software, the form of the signals is connected to time 
(being defined in time).  

The characteristic curve obtained through the electrical simulation and the 
characteristic curve obtained inside laboratory is being compared on specific 
sections (section connected to the elastic or the viscous behavior). 

The trust level of the simulation has the form of statistic parameters represented by 
the correlation coefficient, the standard error and the maximum values of the 
positive/negative residuum. 

 

3. CONCLUSIONS 

The electrical simulation of the asphalted mixtures rheological behavior will be 
chosen over the mechanical modeling because of its simplicity and functionality. 

If we consider the electrical model, then the friction element model can be 
assimilated to a diode. 

The simulation trust level will have the form of statistic parameter obtained from 
comparing the characteristic curves (the laboratory/ modeled one) from specific 
section. 
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Summary 
The present paper presents the work undertaken by the author in the frame of 
“Leonardo da Vinci” Student Mobility Program, Contract RO/2004/PL93209/S, at 
Universidade do Minho - Center for Civil Engineering, Highways Laboratory, 
under the direct coordination of Professor Paulo Pereira, PhD, PE, Head of 
Pavements Research Group, and tutored by Joel Oliveira and Hugo Silva, from the 
same department. 

This part seeks to present concisely the topographical characteristics, edifices, 
cadastral, cultural and infra-structural, situations of urban occupation, industrial 
and commercial, and other relevant situations that condition and influence the 
lands affected for the highway construction works in Portugal. The State 
(represented by the Portuguese Road Administration – EP) is responsible for doing 
and paying all the expropriations and has 6 months to finish the expropriation 
process. 

 

KEYWORDS: highway, expropriations, urban spaces 

1. INTRODUCTION 

The studied highway in Portugal has a length of 55.6 km and is divided into 9 
parts, each of them having their own project. The project comprises several 
volumes (Earthworks, Paving works; Drainage; Expropriations; Road design; Road 
signs; Junctions; Lightning; Geological study; etc). This highway is based on a 
Concession/Construction model, where PORTUSCALE is the entity responsible 
for the execution of the project and the construction of the highway.  

Any expropriation for the purposes of Highway shall be deemed to be in and for 
the public interest and benefit.  

2. EXPROPRIATIONS  

In case of the studied highway this work begins with the Knot of the Via Norte 
giving continuity to the project of Scut de Grande Porto - Knot of Sendim / Knot of 
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the Via Norte. Expropriation problems are the main cause of delay in road 
construction [1]. 

Portuscale is responsible for the initial project of expropriation which must be 
approved by EP. As they are lands of public interest, EP has administrative rights 
which allow an easy process of expropriation, when the lands do not have inhabited 
houses. People living in a house must be compensated by EP, and a lack of 
agreement in this case can only be solved in court of law. In this case, lands cannot 
be taken by EP until judge decision, which can take more than 1 year. In Figure 1, 
it is presented such situation on the construction field, that led to a trial in the court 
of law, thus delaying the road construction by Portuscale. 

 

 
Figure 1. Examples of expropriation problems 

The evaluation bases intend to justify the unitary values of lands, improvements, 
indemnity and other compensations to apply in the work.  

In the determination of the prices to apply some were consulted market indicators, 
as well as the values practiced by the expropriate entity, or for other with identical 
ends, in several projects in the area where the work will be carried out. 

The calculation of the practiced values paid attention to the following types of 
exploration of the soil [2]:      

• Ploughed soils 
• Backyard   
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• Forest   
• Infra-structured lands   
• Building site   
• Green area, of Park and Protected Environments 

Ploughed soils 
This class of soils was applied to the lands located in the proximity of the urban 
agglomerates crossed by this work, but that are still used and present good 
agricultural aptitude. The soil possesses open texture: it is deep, fertile, fresh, 
enriched with the incorporation of organic matter. They have water for watering 
originating from small streams or, more frequently of wells or mines. They present 
easy accessibility and privileged location. 

Backyard   
They are terrestrial located in the near of house, in the limit of urban areas and they 
have good accessibility. They usually present topography glides, presenting deep 
and fertile soils, with high agricultural aptitude, benefiting of the incorporation of 
organic matter, watered with water usually originating from wells and mines, 
where horticulture is practiced for own consumption.    

Forest   
The plan is constituted by few forest stains that serve more to complement and to 
protect the urban and industrial spaces, than for the forest production.   

Infra-structured lands of building site   
Besides the privileged location, they still have access, almost always paved, of 
electricity, from the public network, and in some cases of other infrastructures 
(water, telephone and even sewerage). Consequently, the expectant value of these 
soils is elevated.   

Green area of Park and Protected Environments  
The Green Areas, of Park and Protected Environments are designated to 
interconnect the urban spaces and to protect areas of special regime and also some 
road infrastructures.   

The urban spaces correspond to dense agglomerates and, without great variation; 
the houses are of single-family nature, in most cases with one or two floors.  The 
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level of infrastructures of the urban spaces corresponds, usually to the existence of 
paved access, of electricity in low tension, telephone and water from the public 
network and sometimes of footpaths and drainage of pluvial waters, as well as 
sewerage.   

The spaces that still present agricultural or forest occupation are minor and just 
interconnect the urban spaces, while protecting small streams of water, and some 
areas of maximum infiltration that are required by legal imperatives.  

3. CONCLUSIONS  

For highways construction, land acquisition is the first and an important step of the 
entire procedure. Acquisition of land is generally done by land compensation 
method which is very expensive way for local government. In many cases, the 
financial effort is too big, so that land development projects may delay. It is also an 
unfair approach for the landowners that after the land compensation they have to 
move away from their land.  

It is therefore necessary to identify not only the engineering costs, but also the 
ecological and social variables related to the construction of highway 
infrastructure. 
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Summary 
The European Standard has taken into account the fact that degradation of load-
carrying components of bridge structures is an accidental phenomenon that can 
occur in consequence of fatigue damage. The question is still what the critical 
dimension of the crack is if the required reliability of a bridge should be 
maintained. This paper discusses possible use of other than Monte Carlo methods  
which has been widely used so far. DDPFM is based on general terms and 
procedures used in probabilistic theories. In DDPFM, input random quantities 
(such as the load, geometry, material properties, or imperfections) are also 
applied. The description of the random quantities is expressed by the non-
parametric distribution in histograms. This technique can be also used for 
parametric divisions. 

 

KEYWORDS: Fatigue Crack, Probabilistic Models, Bridges Reliability, Monte 
Carlo, Direct Determined Fully Probabilistic Method ("DDFPM"), Random 
Quantities. 

1. INTRODUCTION. 

The load-carrying capacity of the bearing structure has been significantly 
influenced by degradation resulting, in particular, from the fatigue of the basic 
materials. Wöhler’s curves are used when designing such structures.  The service 
life can be limited until a failure occurs. The failure is however very difficult to be 
determined. For purposes of the modelling, the amplitude oscillation is considered 
to be constant, and a certain number of load cycles is taken into account. The 
method has been developed to provide procedures describing real conditions, all 
this making the work of design engineers easier. As fatigue cracks appear 
randomly on existing structures (in crane rails and bridges), it is believed that the 
designing method is imperfect to a certain extent. Methods are under development 
that would be able to reveal potential defects and damage resulting from initiation 
cracks that accelerate considerably the propagation of fatigue cracks. Linear 
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fracture mechanics is among alternative methods. Machinery experts, in particular, 
have been dealing with such issues for many years. Results have been gradually 
taken over and implemented into designs of the loading structures in buildings. It is 
typically used for the determination of times of inspection and analyses of 
inspection results. If cracks are not found, a conditional probability exists that they 
might appear later on. 

2. PROBABILISTIC APPROACH TO THE PROPAGATION OF 
FATIGUE CRACKS 

The velocity of propagation of the fatigue crack is governed by principles of the 
widely known Paris-Erdogan law ([5]): 

 mKC
dN
da

Δ= .  (1) 

where a is the magnitude (length) of cracks, N is the number of cycles, C and m are 
material characteristics and ΔK is the oscillation of the  stress intensity factor. 
When the oscillation of the stress peaks (Δσ) is known, the amplitude swing can be 
determined as follows: 

 ( )aFaK ... πσΔ=Δ  (2) 

The calibration function  represents the course of propagation of the crack. 
After the change of the number of cycles from N1 to N2,  the crack will propagate 
from the length a1 to a2. Having rearranged (1) with (2), the following formula will 
be achieved:  
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If the length a1of the crack equals to the initial length a0 of the crack and a2 equals 
to the final (critical) length acr of the crack, the left side of the equation (3) can be 
regarded as the resistance of the structure -  R: 

 ( )
( )( )∫=

cr
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a
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aR
0 ..

d

π
 (4) 

Similarly, it is possible to define the cumulated effect of loads that is equal to the 
right side (3): 
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  (5) ( 0..d..
0
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m −Δ=Δ= ∫ σσ )

where N is the total number of oscillations of stress peaks (Δσ) for the change of 
the length from a0 to acr and N0 is the number of oscillations in the time of 
initialisation of the fatigue crack . 

It is possible to define a reliability function. The analysis of the reliability function 
gives a failure probability Pf: 

 ( ) ( ) SRG
craZfail −=  (6) 

where Z is a vector of random physical properties such as mechanical properties, 
geometry of the structure, load effects and dimensions of the fatigue crack. The 
failure probability equals to: 

 ( )( ) ( )( )SRPGPP
craZfailf <=<= 0  (7) 

The probability can be calculated using the available software based either on 
DDFPM  [7] (see below) or Monte Carlo simulation method. 

3. DIRECT DETERMINED FULLY PROBABILISTIC METHOD 
(DDFPM) 

The Direct Determined Fully Probabilistic Method ("DDFPM") was originally 
developed as a Monte Carlo alternative to SBRA the development of which started 
in the mid of 1980’s. Both for SBRA and DDFPMM, input random quantities 
(such as the load, geometry, material properties, or imperfections) are applied. The 
description of the random quantities is expressed by the non-parametric distribution 
in histograms. This technique can be also used for parametric divisions (see 
below). DDPFM is based on general terms and procedures used in probabilistic 
theories (such as [6]). 

DDFPM applications are processed in ProbCalc – this software is being improved 
all the time. It is rather easy to implement an analytical transformation model of the 
specific probabilistic application into ProbCalc. The reliability function under 
analysis can be expressed in ProbCalc analytically as a sign arithmetic expression 
(using the so-called calculator) or can be expressed using data from the dynamic 
library (DLL files) where the library can be created in any programming language 
(for instance, in Borland Delphi). DDPFM can be used now to solve a number of 
probabilistic computations. The number of variables that enter the failure 
probability computation is however limited by capabilities of the software to 
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process the application numerically. If there are too many random variables, the 
application is extremely time demanding - even if high-performance computers are 
used. For that reason, ProbCalc includes a number of optimising techniques 
extending considerably the applicability options, maintaining, at the same time, the 
reliable results. 

The random nature of quantities entering the probabilistic calculation is often 
expressed by the histogram created on the basis of monitoring and, frequently long-
lasting measurements. Those histograms are used then to assess the reliability of 
structures. Histograms of the input values than are used both in SBRA and DDPFM 
can be created for discrete or purely discrete quantities. The quantities used in 
static calculations (such as the load, material properties, or cross-section 
parameters) can be regarded as continuous quantities (see Fig. 1). 

 

Fig. 1: Histogram – Discrete Quantity 

Basic material operations can be carried out with the histograms in the probabilistic 
calculations. For instance, in case of a combined load, the histograms of the 
individual types of load will be summed up. The both histograms are summed up in 
programme cycles where the quantities (on the horizontal axis) will be summed up 
first and their probabilities will be multiplied and added within a corresponding 
interval of the resulting histogram. The principle of the numerical solution is best 
evident on Fig. 2. 

If general principles of the probabilistic theory are taken into account, arithmetic  
operations can be carried out with the histograms. It is possible to use any 
histogram expressing any random variable that enters the calculation. Let the 
histogram B be an arbitrary function f of histograms A j, where j ranges from 1 to n. 
Then: 

 B = f(A1, A2, A3, …, Aj, … An) (8) 
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Fig. 2 – Calculation Principles - Combination of the Permanent and Random Long-termed 
Load. 

Each histogram Aj consists of ij interval where each interval is limited with aj,i from 
below and a j,i+1 from above. This means, that for the interval ij = 1, the values will 
be as follows: 

 aj,1 ≤ aj ∠ aj,2 (9) 

where 

 aj,2 = aj,1 + Δaj (10) 

where 

 
j

jj
j i

aa
a min,max, −

=Δ  (11) 

In ij, the following formula is valid: 

 aj,i ≤ aj ∠ aj,i+1 (12) 

Let us express aj in that interval as aj
 (ij). Similar relations are valid for the B 

histogram. if there are i intervals, the values of the histogram in the ith interval 
range from bi to bi+1, this means b(i)). They can be expressed as follows: 

 b(i) = f(a1
(i1), a2

(i2), …, aj
(ij), … an

(in)) (13) 

for the specific combination of arguments: a1
(i1), a2

(i2), …, aj
(ij), … an

(in). The same 
value - b(i) can be derived for other values too (or at least for some values too) - 
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aj
(ij). If the potential combination of values aj

(ij) is marked as l, the following 
general formula can be derived: 

 b(i) = f(a1
(i1), a2

(i2), …, aj
(ij),… an

(in)) (14) 

The probability (pbl
i) of occurrence of b(i) is the product of paj

 (ij) (probabilities of 
occurrence of aj

ij values). Then: 

 pbl
i =( paj

 (i1) . ajj(i2) . ajj(i3) . … . ajj(ij) . … . ajj(in)) (15) 

The probability of occurrence of all potential combinations (a1
i1, a2

i2, … , aj
ij, … 

an
in)l, of f with the result of b(i) is: 

  (16) ( )∑
=

=
l

l

i
pl

i
b pp

1

)(

The number of intervals (ij) in each histogram (Aj) can vary similarly as the number 
of i intervals in the histogram (B). The number of intervals is extremely important 
for the number of needed numerical operations and required computing time. On 
top of this, the accuracy of the calculation depends considerably on the number of 
intervals. 

If Monte Carlo is used for the same calculation, the results will be always slightly 
different even if a relatively high number of simulations (1,000,000) is used. The 
reason is generation of random numbers, or to be more specific – pseudo-random 
numbers. This generation is always limited and slightly different for each series of 
simulations. If the directly probabilistic calculation is used and same intervals are 
chosen, the result is always the same. 

4. EXAMPLE OF DDPFM CALCULATION 

Fatigue cracks appear most frequently in decks of railway or road bridges. The 
fatigue cracks may appear easily because each normal force represents one loading 
cycle. The loading effects are more evident if the construction element is located 
close to the point of loading application. 

An example of the probabilistic calculation will be shown in a longitudinal beam of 
a railway bridge. In past, the Monte Carlo simulation method has been used for this 
application ([1] through [4]). The construction connection is imperfect because 
effects of the moment of bending are neglected in the place of connection. The load 
carrying part is only the wall of the longitudinal beam. The propagation of the 
fatigue crack from the edge can be expressed in (2) by means of a calibration 
function: 
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where a is the length of the crack and b is the height of the wall (400 mm in this 
case). 

 

Fig. 3 Fatigue Crack - Detail of Longitudinal-Beam-To-Cross-Beam Connection  

Other input data include the random quantities – they are expressed by means of 
the parametric division (see Table 1). The graphic representation is in Figures 4 
through 6. 

Table 1. Overview of Variable Input Quantities 
Parameters 

Quantity  Type of Division Mean Value Standard 
Deviation  

Oscillation of stress peaks Normal 30 2 
Total number of oscillation 
of stress peaks per year N [-
] 

Normal 2.106 105 

Initial size of the crack a0 
[mm] Lognormal 0,1 0,02 

Smallest measurable size of 
the crack ad [mm] Normal 10 0,6 

Critical size of the crack 
acr=200 mm  Normal 200 2 
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 Fig. 4: Histogram –  Oscillation Fig. 5: Histogram – Total Number of Oscillations 
 of stress peaks Δσ [MPa] of stress peaks per year N [-] 

   

 Fig. 6: Histogram – Smallest Measurable Fig. 7: Histogram – Structure Reliability R(acr) 
 Size of the Crack ad [mm] 

The deterministically set input values are the material characteristics C=2,15.10-13 
and m=3. 

Within the probabilistic calculation of the critical fatigue crack (DDPFM) in 
ProbCalc, the structure reliability R(acr) (4) is to be determined first. The integral 
has been solved numerically using a standard rectangular method. The interval 
given by the lower (a0) and upper limits (acr) have been divided into one thousand 
differences. The calculation has been carried out using a dynamic library developed 
in Borland Delphi. Fig. 7 shows the resulting histogram of the reliability R(acr). 

Another quantity that is important for the reliability of the structure is the loading 
effect S (5). When calculating the loading effect, two deterministically material 
characteristics and two histograms (the oscillation of stress peaks Δσ [MPa]) and 
the number of oscillations of stress peaks N) used. Fig. 8 shows the histogram of 
the loading effects for S and for the set number of the stress peak oscillations in 14 
years of operation. 
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The resulting probability of failure Pf can be calculated from (6). The probability 
corresponds to the fractile of the histogram of the reliability function located in the 
interval where Gfail<0 (see Figure 9).  

   

 Fig. 8: Histogram – Loading Effects S Obr.9: Histogram - Reliability Function Gfai 
 for the total number of stress peaks with the marked fractile where Gfail<0,  
 oscillations in 14 years Pf is 0.01462766 

The failure probability Pf can be calculated for individual years of operation of the 
bridge. On the basis of that calculation, it is possible to determine the dependence 
of the failure probability Pf  on years of operation of the bridge. When the limit 
reliability (for instance Pd = 2,3. 10-2) is known, it is possible to determine the time 
of first inspection of the bridge. Figure 10 shows such dependence for a steel 
bridge. According to the probabilistic calculation, the first inspection of the bridge 
is required after 14 – 15 years of the operation. 

 

Závislost pravděpodobnosti poruchy P f  na letech provozu mostu
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Fig. 10 - Dependence of Failure Probability Pf on Years of Operation of the Bridge 
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5. CONCLUSIONS 

The example above shows possible applications of the software ProbCalc that is 
being developed now for probabilistic calculations of the critical fatigue cracks. 
The method described above provides always an unambiguous and comparable 
result (this differs from results achieved on the basis of the Monte Carlo method). 
The only error in this result is given by discretisation of input quantities. The 
available software and method can be also used to model and solve by means of the 
probabilistic method even considerably complex tasks that can be defined within 
the dynamic library - DLL. In the future, all those advantages should be used for an 
exact determination of the probability of failures in bridge structures caused by the 
propagation of fatigue cracks (in consideration of the conditional probability of 
occurrence and effects of the fatigue cracks on the static behaviour of the load-
carrying system). 

NOTIFICATION. 

This paper has been completed thanks to the financial contribution of state funds 
provided by the Grant Agency of the Czech Republic. The registration number of 
this project is 103/05/2467. 
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Summary 
The floods in the years 1997-2002 damaged considerably the bridges in the Czech 
Republic. It follows from the analysis of the damage that most damage was caused 
by scours. The stability of bridge abutments was impaired. This paper describes the 
stability analysis of the abutments in some bridges. The reliability was calculated 
on the basis of SBRA (Simulation-Based Reliability Assessment - see [1] and [2)) 
that makes it possible to take into account the random nature of the input 
quantities. 

 

Keywords: flood, bridge, abutment, stability, random variable, Monte Carlo, 
SBRA. 

1. INTRODUCTION. 

The floods in the years 1997-2002 considerably damaged the structures of bridges 
– see Figure 1. It follows from the analysis that most bridges were damaged by the 
scours of abutments and piers. This was an impulse for the preparation of the study 
that investigated into the stability of some bridge abutments with shallow 
foundations. This paper provides a brief description of the method used for the 
calculation of the stability of some abutments. 

2. STABILITY OF BRIDGE ABUTMENTS 

2.1 Analysing the Stability of Selected Bridge abutments 

Below is a brief description of the method used for the calculation of the stability 
of the road bridge abutments in bridges with the bridge span of 16 m (see Figure 
2). 
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Figure 1 - examples of road bridges damaged during floods 

 

 

Figure 2 – bridge abutment with shallow foundation 

Since the input data are random and many bridges have been investigated, SBRA 
(Simulation-Based Reliability Assessment) has been used for the analysis (see [1] 
and [2]). The individual random variables (the loading and material characteristics) 
have been described in bounded histograms that make it possible to express the 
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probability functions of the variables in a more consistent way that the parametric 
distribution of the variables. Since the scouring of the basement rock under the 
shallow foundations of the bridge piers and abutments is a complex process, the 
calculation of the stability has been simplified. It has been assumed in the 
calculation that the contact surface between the bridge abutment and subbase 
reduced because of the scour. Considering the number of the bridges under 
investigation, possible changes in the characteristics of the subbase due to the scour 
have not been taken into account. 

 

Table 1 – alternatives of calculation and loading combinations 
Histograms 

live load dead load mass by volume Calculation 
alternative  embankment bridge cross bridge soil concrete 

1 Live1 Live1 Dead2 Dead1 N1-05 N1-05 
2 Expon1 Expon1 Dead2 Dead1 N1-05 N1-05 
3 0 Live2 Dead2 Dead1 N1-05 N1-05 
4 Live2 0 Dead2 Dead1 N1-05 N1-05 
5 0 0 Dead2 Dead1 N1-05 N1-05 
6 0 Expon1 Dead2 Dead1 N1-05 N1-05 
7 Expon1 0 Dead2 Dead1 N1-05 N1-05 
8 0 Live1 Dead2 Dead1 N1-05 N1-05 
9 Live1 0 Dead2 Dead1 N1-05 N1-05 

beam 

 

      

      

     

Figure 3 – bounded histograms of input quantities 
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The nominal values of the input quantities that have been used for the calculation 
of the bridge abutments have been taken from the scheme of the bridge abutment 
(see Figure 2). Nine different alternatives of the bridge loading have been analysed 
in order to make it possible to contrast and compare the results with figures 
calculated by means of the standardized procedures (see Table 1). The bounded 
histograms that have been used for the individual alternatives of the calculation are 
given in Figure 3.  

In SBRA, the stability of the bridge abutments has been expressed with a curve of 
the failure probability. The curve shows the dependence of the scour length of the 
bridge abutment and Pf  - probability of a failure. The resulting curves of the failure 
probabilities for the alternative loading of the bridge are given in Figure 4. 

 

 

Figure 4 - failure probability curves corresponding to the scour length of the abutments in 
individual alternatives 

2.2 Parametric Study 

A bridge abutment with a simple shape has been chosen (see Figure 5) for the 
preliminary investigation into sensitivity of the stability of abutments in the 
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reinforced concrete structures of road bridges with the span between L = 5 m and L 
= 30 m. The investigation has been carried out for the abutments with the height h 
= 2.5 up to h = 6.5 m and dimensions corresponding to such h (height) and L 
(span). Loading effects pursuant to Table 1 have been studied, namely Alternative 
2 (live load acting on the bridge and also behind the bridge abutment), Alternative 
4 (live load acting only behind the bridge abutment) and Alternative 5 (without live 
load). 

 

 

Figure 5 – bridge abutment under study 

It has been assumed that the failure probability is Pf = 0.0001, in some cases: Pf = 
0.01. Figure 6a,b shows the graphical dependence of the rotation point y in the span 
(L) and height of the bridge abutment (h). The upper line is L = 30 m, the bottom 
line is L = 5.0 m. Numeric values are given for the comparable values y for L = 30 
m in all loading alternatives for Pf = 0.0001 (see Figure 6a) and Pf = 0.01 (see 
Figure 6b) 
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Alternative 5, L=5m 451.1 540 659.1
Alternative 5, L=30m 731.4 988.3 1324.8
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Figure 6a. - resulting dependence of the bridge abutment height (h) on the scour length y 
with the failure probability Pf = 0.0001 

Pf = 0.01
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Figure 6b. - resulting dependence of the bridge abutment height (h) on the scour length y 
with the failure probability Pf = 0.01 
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3. CONCLUSIONS 

The methods that have been used so far for the verification of the stability of bridge 
abutments with shallow foundations do no make it possible to determine physical 
values for the accessible level of the scour. If SBRA is used, it is possible to 
determine the score length (y in Figure 4) and failure probabilities for various 
loading alternatives. According to the standards, Alternative 4 (the dead load and 
live load behind the bridge abutment) is required - that case is regarded as most 
dangerous. 
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Summary 
This article is a summary of existing experience with the use of diffraction laser 
methods in enginneerin geodesy. The analysis of a large number of data made 
possible a determination of the degree of accuracy of laser beam axis detection in 
various conditions of surveying. An important part of the results is formed by the 
conclusions from the application of the discussed methods in concrete geodetic 
tasks, there are mentioned the advantages, as well as the disadvantages of the laser 
methods, its comparison to conventional surveying methods and an outline of its 
further research. 

 

KEYWORDS: enginnering geodesy, geodetic laser methods, accuracy of laser 
beam axis detection 

1. INTRODUCTION 

Geodesy today uses mostly the laser methods utilizing a laser beam focusing into a 
detection point. For instance, in the list of geodetic laser devices in [Kaspar 1998], 
there is only one laser apparatus using the light diffraction. When using the 
rotational symmetry, the accuracy of the visual detection of a beam axis is equal to 
a 0.1 - 0.2 multiple of the diameter. If the mirror symmetry is used, a theoretical 
accuracy of the visual detection is much higher [Kutik 1978]. 
The authors of this article examined practical applications of a two-point 
diffraction method utilizing the mirror symmetry of Fresnel diffraction patterns 
[Komrska 2000] with zero intensity along two perpendicular lines. The intersection 
point of zero intensity lines (mirror symmetry axes) defines the laser beam axis. 
The above-mentioned type of Fresnel diffraction is described e.g. in [Betz 1969; 
Fiala 1999] and in detail in [Komrska and Kotacka 1998]. The construction of a 
device utilizing the laser diffraction method is very expensive and technically 
difficult. At the Department of Physical Engineering, Faculty of Mechanical 
Engineering, Technical University of Brno, there was developed a laser adapter for 
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Theo 010A theodolite [Vareka 1999]. It is a prototype that has been used for the 
test measurement. 

2. DIFFRACTION METHOD TESTS 

Here we summarize the results of the tests of the method. The tests have been 
performed for several years. The testing procedure links up to the research in the 
field of laser measurement performed in the Department of Geodesy in the 1980s 
and 1990s. The method is described in detail in [Vondrák 2002a] [Vondrák 2002b]. 

2.1 Accuracy of the tested diffraction method 

At the beginning it was necessary to consider if the real accuracy agrees to the 
theoretical accuracy [Komrska and Kotačka 1998]. A grass airport in Brno was 
chosen for the tests. From the beginning it was evident that the accuracy is limited 
mainly by the influence of the environment in measuring space. Considering this 
fact we designed the testing procedure. In spite of being affected by the 
atmosphere, the method of line layout by means of diffraction pattern maintains a 
high accuracy in millimeters per hundreds of meters (Table 1,  mx, my, mxy in field). 
As the distance between the target point and the diffraction filter increases, the 
environment has a decisive effect on the accuracy deterioration. This proposition is 
also based on the fact that at the longer distances (more than 200 m), the accuracy 
in the vertical direction is often much worse than the accuracy in the horizontal 
direction. 

We should also mention the dependence of the size of a standard error in the 
horizontal direction (x-coordinate) on the average temperature. This dependence is 
related to short-time beam vibrations that make uncertain the determination of the 
intersection of the mirror symmetry axes. The intensity of short-time vibrations (a 
fluttering of diffraction pattern) increases with the rising temperature (especially 
above 20°C), which results in the increase of the above-mentioned standard error. 
To some extent, this event depends on the average volume of sunshine. Other 
correlations of the results can appear only accidentally and they result in a lower 
accuracy.  
It can be said that the method of a line layout by means of the Fresnel 
enantiomorphic diffraction is applicable in normal atmospheric conditions for the 
tasks of engineering geodesy with a sufficient accuracy (approx. 9 mm per 1000 m 
in the vertical direction). 

2.2 Test measuring in an underground space 

The measuring instrument was located at the distance of 25 m from the entrance, 
behind a place where the direction of the adit changed. The measuring was 
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performed in a straight part of the adit, within its ground plan axis. The beam 
passed at the average distance of 4.5 m from the wall and 1.8 m above the ground. 
The environmental parameters were also recorded, among others temperature at 
two vertical levels. 

Likewise in field, it could be observed that the increase of the error in the vertical 
direction was bigger than the horizontal error. Nevertheless, this effect is 
significantly less obvious in comparison to the measurements performed in field. 
Basic data resulting from the tests in the underground are summarized in Table 2. 

Table 1: Comparison of Theoretical Estimation of Accuracy [Komrska and Kotačka 1998] 
and Accuracy Parameters of Testing Measurement 

Distance 
[m] 

Theoretical 
estimation 

∆x = ∆y  [mm] 

mx [mm] 
in field 

my [mm] 
in field 

50 0.5 0.7 1.2 
100 0.7 1.2 2.2 
500 1.5 1.8 8.5 
1000 2.2 2.4 9.3 

 

Table 2: Parameters of Test Measurements in Underground Space 

Distance 
[m] 

Horizontal 
error 

mx [mm] 

Vertical 
error 

my [mm] 

mxy 
[mm] 

Average 
temperature 

[°C] 
30 0.3 0.4 0.3 13.8 
60 0.4 0.5 0.4 12.8 

 

2.3 Results of the tests 

Results obtained during the measurements in the underground space correspond 
well to a theoretical estimate of the accuracy of the detection of the axes 
intersection point of the mirror symmetry of Fresnel diffraction effect (laser beam 
axis) that appeared in [Komrska and Kotacka 1998]. 

As was expected, in extremely unstable conditions there was a strong increase of 
the error of the detection at the vertical level in comparison to the error at the 
horizontal level. The standard errors of the laser beam axis detection in the 
horizontal level well correspond with the theoretical estimation of the accuracy. On 
the other hand, the standard error at the vertical level exceeds several times the 
theoretical estimation of its accuracy. It is evident that it is necessary (especially at 
longer distances and in inhomogeneous time/place conditions) to evaluate the 
accuracy of the two levels - vertical and horizontal - separately. 
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3. INDICATION OF INACCESSIBLE POINTS 

The basic requirement for an experiment is the elimination of environmental 
disturbing effects and maximum reduction of other errors that could negatively 
affect the assessment of aiming accuracy. Ideally, the aiming accuracy should be 
affected only by the quality of a target signal. 

3.1 Measuring procedure 

First, there were selected points in the proximity of survey marks on the wall of the 
laboratory, at the same height to A pillar head as the centers of these glued-on-the-
wall marks (Fig. 1). The side clearance of the marks, intended for the localization 
of the center of diffraction pattern, from the center of the glued-on survey mark 
was measured with a caliper. Seven pairs of points were used. The intersection 
point of mirror symmetry axes of Fresnel diffraction pattern was pointed 
subsequently to each of the marked points. In the indicated points beams of two 
theodolites got intersected. 

 

 

Figure 2: Survey Drawing for Forward Intersection 

Then, with the measuring equipment in the same position, the centers of existing 
glued-on marks were aimed by forward intersection. A set of seven pairs of points 
was obtained. In a pair, points differed in x-coordinate (the difference was 
constant) and the difference in z-coordinate equaled zero.  Pursuant to deviations 
from this state, we can define how significantly the error can influence the aiming. 

3.2 Comparison of the laser method with the conventional method of measurement 

The results of the experimental measurement are summarized in Table 3. It is 
evident that the differences on the z-coordinate are caused only by accidental errors 
occurring during the forward intersection. 
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It can be said that the Fresnel diffraction pattern we used is applicable to the 
indication of inaccessible points for the forward intersection. 

Table 4: Results of Experimental Point Measurement by Forward Intersection 

Point number 
X-X 

(with-without) 
[mm] 

Z-Z 
(with-without) 

[mm] 

1 0.0 0.1 
2 0.2 -0.4 
3 0.2 0.0 
4 0.2 -0.2 
5 -0.2 0.2 
6 -0.9 -0.4 

 

4. COMPARISON OF VARIOUS METHODS OF LASER BEAM 
TRANSFORMATION 

To verify the assumption of a higher accuracy of the laser beam axis detection by 
the use of the enantiomorphic track, it was suggested to perform an experimental 
comparison of the accuracy of visual detection while using three different types of 
laser beam transformation. The first method utilizes the simple focusing of a laser 
beam into a detection point. In this case, there can be seen diffraction on the edge 
of laser device objective, and in the target point there is a rotation-symmetrical 
track in a form of concentric circles. The diameter of the central light area was 2.5 
mm during the experimental measurement. The second method used was the 
utilization of a rotation-symmetrical grating consisting of equidistant concentric 
circles. The grating was positioned close to the objective of the laser device. The 
observed track also had a shape of concentric circles with a diameter of the central 
light zone equaling 2 mm. The third method utilized the above-mentioned Fresnel 
enantiomorphous diffraction, and there was an enantiomorphous track on the 
target. 

A closed firing range of a commercial firm was chosen for the experimental 
measurement.  The environment of the place is very stable and due to its length of 
100 m, the tunnel of the firing range represents a good possibility for the 
performance of stability tests of the laser device and for the tests of the accuracy of 
laser beam detection. Our assumption was that the detection of laser beam axis 
would depend only on the shape of the laser track. 
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The beam axis was detected by a visual interposition of the aimed sign into the 
beam axis. The target movements were realized with a fine-movement screw and 
they were quantified with a deviation meter (with the nominal accuracy of 0.01 
mm). Four independent measurements, realized by four surveyors, were performed 
for each type of the laser track. Each measurement consisted of twenty 
coincidences of the aimed mark center with the laser track center. 

In spite of the initial assumption, there was not an ideal laboratory microclimate in 
the selected space. Due to construction works in progress, a 25cm fissure opened 
near the station. Consequently, there was a slight irregular air circulation in the 
measuring space. The air circulation and the following transfer of air masses with 
different temperatures resulted in the changes of the laser beam axis position, 
which in the course of twenty coincidences exceeded   the value of 1 mm in few 
extreme cases.  However, the environmental affected the results all the time, not 
only in extreme cases. Even the presence of surveyors in measuring space affected 
the accuracy of laser beam axis detection. The presence of people could be noticed 
as long as any person appeared anywhere near the laser beam along its entire 
trajectory; but the effect on the measuring process was maximal if the laser device 
operator came closer to the laser beam at the very proximity of the device. The 
presence of surveyors was manifested by short-period vibrations of the laser beam. 
On the other hand, the influence of the above-mentioned air mass circulation 
caused laser beam axis fluctuations with longer period, comparable to the time 
needed for the measuring of the series of twenty coincidences, i.e. 10 - 15 min. 
Possible higher accuracy of detection of the enantiomorphic track in comparison to 
the rotation-symmetric track is largely lowered by the deformation of results due to 
environmental effects even in the cases where the conditions were close to those in 
a laboratory. The accuracy of the visual detection of the laser beam axis in case of 
the rotation-symmetric track is said to equal 0.1 - 0.2 multiple of the central track 
size [Kutik 1978]. In case described here it was 0.2 - 0.5 mm. The fluctuation of 
laser beam axis got up to 1 mm even in a very stable environment that, in practice, 
is usually unattainable. Therefore it is controversial whether only the change of the 
shape of the laser track in the target point can improve the quality of the results. 

5. CONCLUSION 

The utilization of the enantiomorphous shape of the laser track could, theoretically, 
lead to the higher quality and accuracy of geodetic surveying. However, the 
theoretical high accuracy of beam axis detection is reduced by the influence of the 
environment on a survey process. It is also necessary to consider high 
technological and financial requirements for the development and manufacturing of 
a device that would allow the utilization of enantiomorphous diffraction in applied 
geodesy. In this work you can find the description of test measurement and its 
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analysis that led to the specification of the preferential accuracy characteristics of 
the diffraction laser method. There is also a description of the applications of the 
method utilizing Fresnel enantiomorphous diffraction in concrete geodetic tasks. 
The method proved to be more efficient and equally or even more accurate than 
common methods.  However, for the works up to 100 m (e.g. measuring of crane 
tracks), this method can be replaced with laser methods that utilize simple focusing 
into the detection point, with the same results. The potential of the laser method 
discussed in this article consists in special geodetic works at a distance longer than 
150 m. It is necessary to elaborate a further comparison of the diffraction method 
and the traditional methods utilizing the simple focusing of the laser beam. A part 
of the research is to propose such a measuring technology that would allow a 
maximum use of the laser methods potential in concrete tasks of engineering 
geodesy. 
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Summary 

One of the steps of rehabilitation design, and for pavement management 
generally, both at project and network level, is dividing the road section 
into homogeneous subsections.  Data collection, storing and processing is 
important and expensive, so it is necessary to define road stretches on which 
they are to be retrieved and used with efficiency and reliability. 
A homogeneous subsection is a part of the road in which the measured 
deflection bowls (or any other variable) have approximately the same 
magnitude and where it is not possible to subdivide it into subsections with 
significantly different behaviour [3]. 
The subdivision is done not only for determining the stretches on which a 
certain rehabilitation method will be applied, but also to determine the 
necessary number and positions of coring location, for further investigating 
the road. It can use a variety of manual and statistical techniques.  
The importance of creating proper analysis sections cannot be 
overemphasised. Without appropriate sections, it is impossible to establish 
the correct investment decisions for the network. There are two stages to the 
sectioning process [6]: analysing the attributes of the road network and 
breaking it into sections and transforming the attribute data so that they 
adequately represent the road sections for the purposes of analysis. 
For flexibility and reliability, it is recommended that road division into 
homogenous function is done automatically, based on available data. 
McPherson and Bennett [5] are recommending the use of an automatic 
sectioning function to create ‘homogeneous’ sections based on inventory 
and condition data.  
The present paper presents the work undertaken by the author in the frame of 
“Leonardo da Vinci” Student Mobility Program, Contract RO/2004/PL93209/S, at 
Universidade do Minho - Center for Civil Engineering, Highways Laboratory, 
under the direct coordination of Professor Paulo Pereira, PhD, PE, Head of 
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Pavements Research Group, and tutored by Elisabete Freitas and Jorge Pais, from 
the same department. 

After a general presentation of the research work undertaken during the mobility 
stage, the paper presents the solving of one of the issues in this project: division of 
the investigated road into homogenous sectors, checking the homogeneity and the 
statistical relevance of the division – according to the recommendations of COST 
336 Action Final Report. 

KEYWORDS: Falling Weight Deflectometer, homogenous road sectors division, 
coefficient of variance 

1. INTRODUCTION 

The work undertaken dealt with the study of a highway sector in northern Portugal, 
EN 206, between Guimarães and the A7 Highway distributor ring, a 3100m long 
road sector, which construction ended in 2000. A general view of this road sector is 
presented in Figure 1. The premature distress occurrence on it required an 
investigation on the possible causes of the abnormal situation and the proposal 
viable rehabilitation solutions.  

 
Figure 1. EN 206 Variant – view from the A6 distributor ring 
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The study begins with general presentations on asphalt pavements and their 
behaviour, the general management and rehabilitation problems at project and 
network level, the distress types that can occur on flexible pavements and possible 
technical solutions. 

The road description accounts for the geometrical characteristics of the longitudinal 
and transverse profile, and for the initial pavement structure, given in the design 
project: wearing course – asphalt mixture (6 cm); binder – asphalt mixture (6 cm); 
base layer – bituminous macadam (12 cm) and subbase – graded aggregates (20 
cm). Figure 2 presents the studied pavement system structure. According to the 
geotechnical study, the foundation soil is granites so the material extracted from 
the excavations was used for fillings. The soil is generally granite gravel or 
decomposed granites, with good mechanical characteristics. The quality of 
materials is attested through quality control performed during the construction 
works.  

 

Figure 2. EN 206 Variant – pavement system 

The traffic and temperature characteristics are re-evaluated for the initial project 
and for the present-day situation. It was performed a traffic counting leading to the 
conclusion the actual traffic did not exceed the design traffic, eliminating though 
one of the possible hypothesis for the explanation of early distress occurrence.  

The surface condition assessment was one of the major problems attended, as the 
main problems observed were raveling and alligator cracking. After a brief 
description of all possible types of distress on flexible pavements, the project 
focuses on the quantification of these two distress types. The visual inspection and 
the methodology used led to the conclusion that, although raveling is generalized 
and probably an indicator for top-to-bottom problem occurrence (poor wearing 
course material quality), there are compact sectors on which extended alligator 
cracking might show that the problem is actually the bearing capacity of the 
foundation.  
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Both the Portuguese norms [1] and the Pavement Condition Rating (PCR) 
methodology [2] were used in order to be able to quantify in a global index the 
state of the surface, for each 10 meters sector along the length of the road. In 
Figure 3 presents the result for one direction, both lanes, in terms of deduct points 
computed with PCR methodology (higher values means higher distress levels). 

 
Figure 3. EN 206 Variant – PCR deduct values Famalicão - Guimarães 

 

The structural condition assessment was done using the falling weight 
deflectometer (FWD), presented in Figure 4. Based on the FWD, results, in 
correlation to the surface state assessment conclusions, the studied road sector was 
divided into homogenous stretches. 

 

 

Figure 4. Falling Weight Deflectometer 

Coring was also performed to see if the direction of the cracks propagation. The 
visual inspection showed a bad condition of the wearing course, with top-to-bottom 
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cracking or cracks that go to the whole depth of the asphalt layer. The bituminous 
macadam condition was usually good. In addition, it was noticed that the bonding 
between these two layers was weak; they could be easily separated during cores or 
sawed samples extraction.  

The fallowing laboratory tests were performed: particle size distribution – sieving 
method, water content by drying in a ventilated oven, sand equivalent test, 
methylene blue test, resistance to fragmentation by the Los Angeles test method, 
determination of the laboratory reference density and water content – Proctor 
compaction, California bearing ratio, stiffness moduli and fatigue life with the four 
points bending test, for bituminous layers. Their results were, generally, according 
to the standards. The exception was the content of fine for the granular base and 
capping layer from the most damaged sector that was almost twice bigger than 
maximum admissible.  

For the asphalt layers, it resulted that the residual fatigue life of the tested material 
is 5.7775E+06.  

The design values for the fatigue life, as given in the project, are: 

06+11,69E=N 2005                                          (1) 

                                                                                                   (2)                    06+E3,29=N2016

It result that the design residual life, at this point, should be approximately  

                          (3)                     06+E61,17=NN=N 20052016rez

this value being much lower than the one obtained in the test (N=5.7775E+06).  

For the bearing capacity determination, the FWD results and a back-calculation 
program was used, to determine the stiffness moduli of the pavement layers. The 
pavement structure was checked according to SHEEL criteria – fatigue cracking of 
asphalt layers and structural deformation of unbound layer. The conclusion was 
that all homogenous stretches need structural rehabilitation, the cause relying in 
both week subgrade and highly damaged surface course. The most damaged 
stretches required 8 cm while the least distressed portions required only a thin 
overlay, which for technological reasons was considered 4 cm thick.  

A possible solution for retarding crack propagation was to use a paving fabric. 
Considering the technological steps for asphalt resurfacing with paving fabric, the 
cost evaluation for the proposed solution was performed. 
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2. DIVISION OF A ROAD TESTED WITH FWD INTO HOMOGENOUS 
SECTORS, CHECKING THE HOMOGENEITY AND THE 
STATISTICAL RELEVANCE OF THE DIVISION – ACCORDING TO 
COST 336 ACTION FINAL REPORT 

In order to analyze the present situation with regard to the surface state and 
structural ability of the pavement system, and to propose a rehabilitation solution, it 
was necessary to perform the division of the studied road into homogenous road 
sectors. This task was performed using the methodology proposed by COST 336 
Action Final Report, Cap. 4: FWD Project Level Guide[3]. 

Figure 5 presents the flowchart of the performed operations. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Checking if there is a statistically significant difference between means of 
consecutive homogenous sectors, using Student’s t Test 

Testing the statistical relevance of the division: determination of the 
homogeneity level for each sector, using the coefficient of variance CV 

Separating the zones for which the slope of the graph is approximately 
constant, a change in slope indicating inhomogeneity 

Drawing the graphic i/Si 

Computation of the cumulative sums Si 

Computation of the mean maximum deformation

Input data: maximum deflections recorded with FWD on the studied road 

 
Figure 5. Steps for division of the tested road into homogenous road sectors 

2.1. Subsection identification based on cumulative sum of variable: 
There are several statistical techniques available to divide a series of data into 
homogeneous parts.  One of these techniques is the cumulative sum method.  With 
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plots of the cumulative sums of the deviations from the mean of the deflections 
against test point it is possible to discern these subsections.  The cumulative sum is 
calculated in the following way: 

 mxxS −= 11  (4) 

          122 SxxS m +−=   (5)  

                                                                                    1−+−= imii SxxS                                            (6)                     

where xi - deflection measured at test point i; 

xm - mean deflection of each main section; 

 Si - cumulative sum of the deviations from the mean deflection at point i. 

Using the cumulative sums, the extent to which the measured deflections on a 
certain part of a road section are different from the mean deflection of the whole 
section can easily be determined. Changes in slope of the line connecting all 
cumulative sum values will indicate inhomogeneity [4]. 

The statistical analysis of the data using this method was performed and the 
resulting graphics are presented in Figure 6. 

  

Figure 6. Separation of cumulative sums graphic into regions with almost constant slope 
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Based on this analysis, the lanes have the fallowing homogenous stretches: 

Table 1: Homogenous road sectors based on cumulative sum analysis 
Famalicão - Guimarães 
1 0 → 0+640 m 
2 0+660 → 1+140 m 
3 1+160 → 1+700 m 
4 1+720 → 1+980 m 

 
Guimarães - Famalicão 
1 0 → 1+366 m 
2 1+366 → 1+526 m 
3 1+526 → 1+966 m 

 

2.2. Testing statistical significance of subdivision: 

For determining the level of homogeneity, one can use of the coefficient of 
variation (CV).  This parameter is defined as the ratio of the standard deviation 
over the mean value per section [4].  

The mean value is defined as: 

 ∑
=

+++
=⋅=

N

i

N
i N

xxx
x

N
x
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21 .....1
      (7) 

where: N – number of variables. 

The standard deviation is defined as: 
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N 1

21σ                    (8) 

The following list shows typical classes of CV: 

CV < 20% - good homogeneity; 

20% <= CV < 30% - moderate homogeneity; 

30% <= CV < 40% - poor homogeneity; 

CV >= 40% - inhomogeneity. 

The CV is a measure of the consistency of the measurements’ spatial variability 
within the individual sections/subsections.  Although the CV may indicate that a 
section or a subsection is not very homogeneous, it gives no indication of the 
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possibility of subdividing it. CVs greater then 30% usually indicate a highly 
skewed distribution, produced, for example, by a number of relatively "stiff" test 
points within a weaker subsection. 

For the analyzed homogenous stretches, the homogeneity outcome is the presented 
in Table 2. 

Table 2: Statistical data for the homogenous road sectors, for determining the coefficients 
of variation 

Famalicão – Guimarães 
standard deviation 1 156,1667
mean 1 506,82 
CV 1 (%) 30,81281 

standard deviation 2 47,51218 
mean 2 313,95 
CV 2 (%) 15,13358  

standard deviation 3 99,10054
mean 3 428,67 
CV 3 (%) 23,11818 

standard deviation 4 56,3189 
mean 4 290,59 
CV 4 (%) 19,38071  

Guimarães – Famalicão: 
standard deviation 1 79,45857
mean 1 293,46 
CV 1 (%) 27,07625 

standard deviation 2 68,70807 
mean 2 286,31 
CV 2 (%) 23,99783  

standard deviation 3 89,99587
mean 3 360,06 
CV 3 (%) 24,99441 

 

 

Averages of deflections are calculated for each test line within each section.  If the 
test lines are considered equal in terms of structure, materials, maintenance, edge 
support, etc., the averages are then tested for statistical significance of differences 
between the test lines.  This can be done using the Student’s T-test. 

The variance of the difference between the two means (σd
2) and the value of the t-

coefficient are: 

 
2

2
2

1
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nnd
σσ

σ +=  (9) 
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Tables 3 – 7 present these statistical data and the ones necessary to compute them, 
for each pair of consecutive homogenous road sectors. Once the t-value was 
computed, a risk level (alpha level) was set and the degree of freedom (the number 
of testing points on the consecutive tested road sectors minus 2) was determined. 
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The computed t-value was compared to the values tabulated in a standard table of 
significance (Table 8) to determine whether the t-value is large enough to be 
significant. In the t-table, at (n1 + n2 -2) degrees of freedom it is chosen the level of 
significance required (p = 0.05) and read the tabulated t value. If the calculated t 
value exceeds the tabulated value then the means are significantly different. 

Table 3: Statistical data and t value for stretches 1 and 2, Famalicão - Guimarães 
n 1 =34 

1 = 506,82             
σ 1 =156,1667         
σ 12 =24388,03        

n 2 =24      
2 =313,95    

σ 2 =47,51218     
σ 22 =2257,407         

(σd2)  811,3535 
(σd)  28,48427 
t 6,771172 
DOF 56  

 

Table 4: Statistical data and t value for stretches 2 and 3, Famalicão - Guimarães 
n 2 =24      

2 =313,95    
σ 2 =47,51218     
σ 22 =2257,407           

n 3 =27 

3 =428,67 
σ 3 =99,10054 
σ 32 =9820,916 
 

(σd
2)  457,7963 

(σd)  21,39617 
t 5,361582 
DOF 49  

  

Table 5: Statistical data and t value for stretches 3 and 4, Famalicão - Guimarães 
 n 3 =27 

3 =428,67 
σ 3 =99,10054 
σ 32 =9820,916 
 

n 4 =12 

4 =290,59 
σ 4 =56,3189 
σ 42 =3171,818 
 

(σd
2)  628,0558 

(σd)  25,06104 
t 5,509617 
DOF 37  

  

Table 6: Statistical data and t value for stretches 1 and 2, Guimarães – Famalicão 
 n 1 =67 

1 = 293,46 
σ 1 =79,45857 
σ 12 =6313,664 
 

n 2 =8    

2 =286,31 
σ 2 =68,70807 
σ 22 =4720,799 
 

(σd
2)  684,3336 

(σd)  26,15977 
t 0,273424 
DOF 73  

 

Table 7: Statistical data and t value for stretches 2 and 3, Guimarães – Famalicão 
 n 2 =8    

2 =286,31 
σ 2 =68,70807 
σ 22 =4720,799 

n 3 =21 

3 =360,06 
σ 3 =89,99587 
σ 32 =8099,256 

(σd
2)  975,7787 

(σd)  31,23746 
t 2,361089 
DOF 27  
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Table 8: Limit values for the t-coefficient for various degrees of probability 
Probability, p DOF 0.1 0.05 0.01 0.001 

20 1.72 2.09 2.85 3.85 
21 1.72 2.08 2.83 3.82 
22 1.72 2.07 2.82 3.79 
23 1.71 2.07 2.82 3.77 
24 1.71 2.06 2.80 3.75 
25 1.71 2.06 2.79 3.73 
26 1.71 2.06 2.78 3.71 
27 1.70 2.05 2.77 3.69 
28 1.70 2.05 2.76 3.67 
29 1.70 2.05 2.76 3.66 
30 1.70 2.04 2.75 3.65 
40 1.68 2.02 2.70 3.55 
60 1.67 2.00 2.66 3.46 
120 1.66 1.98 2.62 3.37 

 
From the data analysis it results that the deflections recorded in the Famalicão – 
Guimarães direction are substantially different, for any target probability, while in 
the Guimarães – Famalicão direction stretches 1 and 2 are not statistically 
significantly different. 

As a result, in the Guimarães – Famalicão direction only two homogenous stretches 
have been considered. The new division is presented in Table 9. 

 

Table 9: Homogenous road sectors – second division 
Guimarães - Famalicão 
1 0→ 1+526 m 
2 1+526 → 1+966 m 

 
The readings obtained on these two stretches are again analyzed to see if they are 
significantly different, as shown in Table 10. 

Table 10: Statistical data and t value for stretches 1 and 2, Guimarães – Famalicão 
 n 1 =75 

1 = 292,70 
σ1 =78,413 
σ 12 =6148,633 
 

n 2 =21 
2 =360,06 

σ 2 =89,99587 
σ 22 =8099,256 
 

(σd2)  467,6606 
(σd)  21,62546 
t 3,115061 
DOF 94  

 



“Actual Trends in Highway and Bridge Engineering 2006”, International Symposium 281 
 

The results are significantly different for these two homogenous stretches. In 
Figure 7, the homogenous stretches with their (approximate) kilometric positions 
are presented. 

 

Figure 7. Homogenous sectors on the studied road 

3. CONCLUSIONS 

The procedure for division of the road into homogenous sectors recommended by 
COST 336 Action Final Report is easy to use and gives good results, that in our 
case matched the field visual observations and the results of the laboratory tests.  

It appears also to be easily adaptable for creating a computer program, since most 
of the steps involve statistical data analysis.  

The point in this procedure where human decision intervenes is the one when 
deciding what are the portions of the cumulative sum graphics with constant slope, 
but this can also be included in a program application. One possible approach 
would be to analyze mathematically the slope variance, starting from the finest 
division possible, and then move forward with joining consecutive sectors, as long 
as the homogeneity condition is fulfilled, until the criterion of significant difference 
between consecutive sectors is attained.  

As recommended by Bennett, Christopher et al. [6], data transformations should be 
done in two steps: first, the data are transformed from source data into what is 
called smallest common denominator sections. These are the smallest intervals that 
correspond to all data and the analysis sections. The smallest common denominator 
data are then amalgamated so that they represent the conditions of the analysis 
section. 
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Such an application could be a useful tool for pavement management at both 
project and network level. 
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Summary 
Environmental problems have been considered as a serious situation in the 
construction. Recycling of construction and demolition waste (C&DW) and their 
new reuse in structures is by one of solution these problems. The main objective in 
this project is “Waste utilization, recycled material in the building industry”, 
partial task “Research of technologies for waste processing to form of derivative 
resources”.  

In this paper, are presented mainly the mechanical-physical properties of 
concretes with utilization of recycled crushed bricks as aggregates and with 
polypropylene fibres which are investigated experimentally. The experimental 
analyses results show that recycling of rubble brings interesting possibilities for 
sustainable building. These concretes with fibres are suitable especially in highway 
construction for an example a layers of pavement or slope stabilization. 

 

KEYWORDS: Recycling, Brickconcrete,  Recycled Aggregates, Construction and 
Demolition Waste  

1. INTRODUCTION 

Questions connected with sustainable development in the construction sector 
represent a very abroad range of problems. With respect to the amount of concrete 
structures realised in the Czech Republic, the implementation of principles of 
sustainable constructions in concrete structures represents a high potential from the 
point of view of reduction of impacts on the environment. Construction and 
Demolition waste (C&DW) constitutes a major portion of total solid waste 
production in the world, and most of it is used in land fills. Recycling and re-use of 
building rubble presents interesting possibilities for economizing on waste disposal 
sites and conserving natural resources. Crushed brick followed by concrete is found 
on first place in term of amount processed C&DW in recycling line in last years as 
show Table1 [1].  

http://www.fsv.cvut.cz/katedry/katedra.php?Jazyk=En&Katedra=133
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Table 1: Construction and Demolition Waste Processed in Recycling Line in CR           
(The amount in thousand of tons) 

Year Recycling waste 
2000 2001 2002 2003 2004 

Brick 589,4 990,0 1808,9 1391,6 1664,3 
Concrete 384,6 614,8 1013,9 1254,6 994,0 
Asphalt 317,9 323,9 475,2 516,4 514,2 
Mixed Building Waste 79,0 3,9 0,6 59,0 130,6 
Aggregates 704,0 513,3 464,2 913,4 718,5 
Soil 261,0 275,7 339,4 452,1 432,3 
Other 249,6 417,5 300,7 261,4 309,1 

 

The most effective way to reduce the waste problem in construction is agreed in 
implementing reuse, recycling and reduced the use of a construction material in 
construction activities. Those “3R” are the positive influence on Economy, 
Ecology and Energy. C&DW as crushed concrete or brick are mineral inorganic 
materials with inert behaviour, without dangerous properties and without 
significant physical, chemical or biological change. Extraction of natural 
aggregates but causes significant environmental damage. This work as thesis aims 
to reduce the demand for primary aggregates by using crushed C&DW as an 
alternative. The addtition of an optimal dosage of polypropylene fibres changes the 
properties of concretes and so provide new possibilities for using recycled concrete 
especially in transportation engineering. 

2. CONSTRUCTION AND DEMOLITION WASTE AS RECYCLED 
AGGREGATES  

2.1 Recycled aggregates 

Since there are many unsolved problems encountered in controlling the quality of 
recycled aggregates (RA), which include low compressive strength, wide 
variability of quality, high drying shrinkage, large creep and low elastic modulus, 
applications of are hampered. These problems are mainly resulted from the 
following two reasons: 

• construction and demolition waste materials are always contaminated with 
foreign materials (glass, wood, soil, plaster, tile etc.) 

• recycled aggregate particles are always attached with substantial amount of 
relatively soft cement mortar paste, making these aggregates more porous 
and less resistant to mechanical attacks 
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Generally some modifications to the mix proportion are needed in the production 
of recycled aggregates, which can then be produced with the same production 
procedure as the conventional concrete does. However, such an approach will 
produce  concrete with poorer quality, depending directly on the proportion of RA 
added. Hence, most studies recommend a limit of 30% of RA. Many researchers 
have successfully applied RA on pavement and roadwork or simple structures, 
underground structures, foundations, piles and mass concrete. However, its 
application to higher grade concrete is not common. These weaknesses of RA, 
including high porosity, high amount of cracks, high level of sulphate and chloride 
contents, high level of impurity and high cement mortar remains, will affect the 
mechanical performance of RA. The prerequisite in applying RA to high-grade 
concrete is to overcome these weaknesses.  

The amount RA which could be recycled will depend mainly on factors such as:  

• location of the demolition site and of the manufacturing site 

• level of contamination in the C&DW as a result of unsuitable materials 
used in the original construction or caused by poor segregation during the 
demolition process 

• local demand for the material that varies depending on current 
development and infrastructure projects 

Demolition contractors typically use jaw crushers or impact crusher which will 
process material more slowly to produce a crushed concrete and masonry of a 
particle size of 0-8, 8-32, 32-64, >64 mm. Screening after the material has been 
crushed is necessary to control the particle size of the finished product. The particle 
size of material required to manufacture new concrete will require demolition 
contractors to invest in new screens in order to produce the correctly graded 
material.  

2.2 Construction and demolition waste 

The threat of contamination in the C&DW is one of the biggest barriers to its use in 
construction products. The perception is that C&DW will be difficult to process, 
will contain some contamination that will affect the handling and properties of the 
end product and will always be considered inferior to virgin materials. The 
presence of other construction waste materials that may contaminate the hard 
C&DW fraction is common. These contaminants include both organic and 
inorganic materials, such as wood, bitumen, glass and metal. This contamination in 
C&DW needs to be removed during processing. Alternatively if a proportion of 
contamination is to be allowed in the manufacture of new concrete then the way it 
will affect the strength, bonding and lifetime of the product must be assessed. Once 
the C&DW has been crushed, sieved and if necessary decontaminated it can find 
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aplications as general bulk fill, fill in drainage project, sub-base material in road 
construction or aggregate for new concrete. 

The economic case for using C&DW to replace virgin aggregates will be affected 
by the technical findings of the on-going laboratory research. Other factors that 
will affect the economic viability of using C&DW in the manufacturing process 
include:  

• the price of the finished concrete – the market suggests it needs to be 
cheaper than a conventional concrete manufactured with virgin aggregates. 
This is necessary to surmount “conservatism” by the marketplace 

• positive financial factors such as Landfill tax and Aggregates that will be 
avoided by using C&DW to manufacture a product 

• negative financial factors, such as transportation costs, the requirements of 
legislation, the need for demolition contractors to invest in new equipment 
and the additional processing costs which may arise from variations in the 
raw material that increase maintenance costs, downtime, processing cost 
due to more product line change, etc;  

Other important factors that may be positive or negative include: Maintaining 
market confidence, maintaining market share and shareholder and client pressure.  

3. EXPERIMENTAL PART 

This work aims to reduce the demand for primary aggregates by using crushed 
C&DW as an alternative for utilization. In this article is presented first part of the 
experiments in terms of thesis of recycled concrete, namely crushed brick. In 
second part will follow crushed concrete. The determination of mixture proportion 
of concretes with utilization of crushed brick and fibres with higher strengths and 
durability was one of the aims of experiment. In our experiments we utilize 100% 
recycled bricks aggregate. Basic mechanical-physical characteristics of 
brickconcretes were measured and compared with characteristics of normal 
concretes (without fibres with virgin aggregate). A series of laboratory trials were 
carried out to establish the practical viability of using C&DW material as 
replacement for virgin aggregates.   

3.1 Materials used in this research 

• Pure crushed bricks (clay brick with vertical holes P10) 

• Impure crushed bricks (recycled brick waste)  

• Ordinary sand coarse size 0/4 mm and natural crushed gravel 4/8  
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• Portland fly-ash cement CEM II/B – V 32,5R 

• Fibres FORTA FERRO – 1% volume content (Figure 1) 

3.2 Aggregates 

The particles of crushed brick are generally more porous and have a lower density 
when compared to natural and recycled concrete aggregates. It is found that 
concrete made with crushed brick generally has comparable compressive and 
tensile strengths compared to those of conventional concrete. However, the 
modulus of elasticity, shrinkage, creep, initial surface absorption and chloride 
diffusion are inferior compared to those of natural concrete. Though, successful 
applications of crushed brick as the aggregates in the production of concretes are 
possible.  Pure brick aggregates were prepared in laboratory and screened in a 0-8 
mm. Recycled brick aggregates (RBA) were produced in a recycling facility from 
recycled bricks masonry. This aggregate was supplied by local demolition 
company and was transported to a laboratory, where it was passed through a jaw 
crusher. 

3.3 Structural Synthetic Fibers 

For the production of special kind of Fiber Reinforced Concrete  (FRC)- concrete 
reinforced by dispersed fibers was used  special polypropylene fibers called 
Structural Synthetic Fibers (SSF). As any other fibers designed for production of 
FRC also these fibers have their specific influence on the properties of the 
composite with cement matrix. As it is known, the final properties of FRC 
composition are influenced by the type and origin of the fiber, its parameters and 
used dosages. Influence of fibers is characterized by higher ductility, toughness and 
their higher bearing capacity after first crack appearance. Results of comparative 
testing program on plain concrete and concrete reinforced by those special 
polypropylene fibers are presented in e.g. [5]  

 
 
 
 
 
 
 
 
 
 

Figure 1: Structural Synthetic Fibers – Forta Ferro 
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3.4 Specimens of brickconcrete 

For comparison of properties was used pure crushed bricks obtained by crushing 
clay bricks with vertical holes P10, impure brick from local demolition company 
and virgin aggregate. In a mixture proportion the water content was changed and 
the amount of cement was reduced from the calculated content to minimum value 
set in a Code ČSN EN 206-1. Specimens were made as the poor mixture (with less 
cement sign L) or fat mixture (with more cement sign M). Table 2 shows the 
materials composition and the signification of the specimens. 

Table 2: Signature and Compositions of Specimens 
Specimens Materials compositions 

C VOM Concrete without fibres, virgin aggregate and more cement 
C VFM Concrete with fibres, virgin aggregate and more cement 
C VFL Concrete with fibres, virgin aggregate and less cement 
C POM Concrete without fibres, pure brick gravel and more cement 
C PFM Concrete with fibres, pure brick gravel and more cement 
C PFL Concrete with fibres, pure brick gravel and less cement 
C IFM Concrete with fibres, impure brick gravel and more cement 
C IFL Concrete with fibres, impure brick gravel and less cement 

       
A set of mechanical – physical experiments of standard specimen 100/100/400 mm 
was performed after 28 days. The compressive strength and tensile splitting 
strength were examined on halves of specimens remaining after the four-point 
flexural tests. An annex A of a code ČSN EN 12390-5:2001 says that a flexural test 
with three-point bending show strengths by 13% higher than four-points bending 
test. That is why a three-point flexural test performed to compare result. Details of 
destroyed specimens with polypropylene fibres are showed in Figure 2 (impure 
brickconcrete) and Figure 3 (pure brickconcrete).  

 

Figure 2: Details of destroyed specimens   
(impure brickconcrete with fibers) 

Figure 3: Details of destroyed specimens 
(pure brickconcrete with fibers) 
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4. RESULTS OF EXPERIMENTS 

 Table 3 shows the results of mechanical – physical testing of standard specimen 
100/100/400 mm from normal concrete and brickconcrete with fibres and without 
fibres. It has been found that the physical characteristics of brick aggregates as well 
as fibres can adversely affect the mechanical properties of the brickconcretes with 
fibres. 

Table 3: Particular values of mechanical – physical properties                                          
(mean value of three observations) 

Measured Characteristic 
Tensile strengthVolume 

weight 
1 load 2 load 

Compres 
strength 

Splitting 
strength 

Specimen 
 
 

[kg/m3] [Mpa] [Mpa] [Mpa] [Mpa] 

C VOM 2279 4,64 - 40,2 4,60 

C VFM 2299 4,83 6,36 46,00 4,62 

C VFL 2269 - 3,70 17,83 2,55 

C POM 1940 3,59 - 27,60 3,20 

C PFM 2035 4,13 4,77 29,30 4,06 

C PFL 1979 - 3,38 16,96 2,62 

C IFM 2062 4,53 - 26,27 3,51 

C IFL 2028 3,11 - 14,2 2,11 

5. CONCLUSIONS 

The main purpose of this research was to investigate the addition of waste-brick 
material in concrete production and establish the effects of polypropylene fibres on 
mechanical-physical properties of brickconcretes. In terms of this research were 
used standard test methods for determination of mechanical-physical properties as 
initial bulk densities, compressive strengths, flexural strengths and tensile-splitting 
strengths. Results are presented from the laboratory test results showing how 
recycled crushed bricks can be recycled and experiment testify that utilization of 
brickconcrete with fibres in every-day life is possible and more it is useful without 
plasticizer and other admixtures. Exploitation of the brickconcrete, namely the 
brickconcrete with coarses composed of crushed brick and gravel enables 
regulation of concrete characteristics by a careful proportioning and mixing of 
these ingredients. Thus will be attractiveness of this composite material achieved as 
cement is the most energy demanding component in concrete mixture 
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manufacturing and changes of the brickconcrete material properties will not be 
dependent on cement dosage increase. 

The recycling of waste-brick material in brick production contributes to sustainable 
development in the construction sector and so helps to protect the environment. 
The viable technology of the construction material recycling could be considered 
an easy reference for future applications. A sprayed, pumpable or normal 
brickconcrete with fibres are suitable in highway construction, namely layers of 
pavement, slope stabilization, in hydraulic engineering for the strengthening of 
dam crests and in structural engineering for layers of floors in commercial halls. In 
general are appropriate for structures where restriction of cracking is required. 

Studies are continuing with the aim of obtaining more information about concretes 
made with C&DW mateials and reinforced with fibres. This will show more 
definitive trend of the effect of the level of replacement primary aggregates on the 
properties concretes.  
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