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a b s t r a c t

A significant step forward for a thorough durability design process of reinforced concrete structures is the
development of software packages, based on predictive models, for the estimation of concrete strength
and service life. Such an attempt, in full compliance with the European Standards for cement and con-
crete, is presented in this study. Upon defining the concrete mix design, the software calculates the main
chemical and volumetric characteristics, as well as the compressive strength, of concrete. By taking into
account the environmental conditions where the structure will be exposed, concrete service life is pre-
dicted, using fundamental mathematical models (based on reaction engineering principles) that simulate
the reinforced concrete deterioration mechanisms leading to corrosion of the embedded reinforcement
(caused by either carbonation or chloride ingress). A validation process of the yielded results is also pre-
sented, and the effectiveness of the simulation tool in designing for durability is illustrated. The goal of
this study is to promote wider acceptance in achieving feasible and durable solutions to structural con-
crete design problems.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Given the increased number of premature structural
deterioration cases observed on reinforced concrete (RC) struc-
tures, a comprehensive design process becomes imperative.
Bearing in mind that such deterioration can be caused by
mechanical and/or environmental actions, an in-depth under-
standing and modeling of the physicochemical processes that lead
to concrete deterioration (under harmful environmental agents) is
the first step for a valid service life estimation. On this note, certain
research attempts [1–3] have been proved successful in identifying
the service life of a reinforced concrete element under chloride
exposure, at a probabilistic manner and also in assessing the
carbonation depth in time [4].

What is missing however, is a comprehensive set of tools that
will aid the designer in identifying the influence of both the most
common harmful environmental agents (carbonation exposure
and chloride ingress), by taking under consideration the environ-
mental and mix design particularities of a reinforced concrete
structure, in order to take all the appropriate measures (in
advance) to mitigate their effect, in safeguarding a prolonged
service-life of any type of structure.

On the European Standard for concrete [5] durability is ap-
proached by the definition of limiting parameters on cement and
concrete composition (W/C ratio, cement content, etc.), as well as
by the development of performance-related methods (PRMs). Such
a method (PRM) is necessary when a service life significantly high-
er of 50 years is required, or when the environmental actions are
particularly aggressive [5]. A PRM considers each relevant deterio-
ration mechanism, in addition to the service life of the structure,
and the criteria which define the end of this service life, in a quan-
titative way. It can based on data derived from established perfor-
mance test methods for each relevant mechanism, or on the use of
proven predictive models. Considering that in reinforced concrete
the most serious deterioration mechanisms are those leading to
reinforcement corrosion, it is therefore necessary, if a long service
life is required, the modeling attempts to focus on these types of
mechanisms/chemical attack processes. Bearing all of the above
in mind, a significant step forward could be the development of
appropriate software for the estimation of concrete service life,
using reliable mathematical proven models, based on perfor-
mance-related methods.

In this study, a deterministic simulation tool in full compliance
with the European Standards for cement and concrete [5,6], based
on proven predictive models developed by Papadakis et al. [7–10],
for estimation of concrete service life and strength is briefly pre-
sented. Emphasis is given on the concept of service life estimation,
on tool validation and utilization schemes. As an illustrative
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example, the effects of cement type and of several supplementary
cementing materials on reinforced concrete durability are studied
using the simulation tool.

2. Concrete service life estimation tool

The structure and the main outputs of the concrete service life
estimation tool are illustrated in Fig. 1. Upon selection of the ce-
ment type (based on the full range of cement types defined in
the European Standard for cement [6]) and standard strength class,
as well as, selection of quantity and type of additives (types I and
II), admixtures and aggregates, the concrete mix design is defined
and the main chemical and volumetric characteristics of concrete
(chemical composition of hydrated cementitious materials, poros-
ity and related characteristics) are calculated. The concrete com-
pressive strength is accurately estimated, introducing a new
(recently published) approach [11], based on the cement strength
class and on the efficiency factor of SCM [12–16], using a modified
version of Feret’s formula. By taking into account the environmen-
tal conditions where the structure will be exposed (according to

the exposure classes defined in EN 206 [5]) the concrete service life
is reliably predicted using fundamental mathematical models that
simulate the basic deterioration mechanisms of reinforced con-
crete, such as carbonation and chloride penetration. Principles of
chemical and material engineering have been applied to simulate
the physicochemical processes [8,9]. In addition, cost and environ-
mental aspects on concrete composition are analyzed. Finally an
optimization procedure is taking place, where (if necessary) the
mix design is adjusted in order to meet concrete strength and ser-
vice life requirements.

Furthermore, the software package [7] offers the possibility of
investigating the efficiency of various protection measures as
water proof sealants, cement–lime mortar coating and inhibitors.

2.1. Service life estimation

As it was previously mentioned, principles of chemical and
material engineering have been applied to simulate the physico-
chemical processes leading to concrete deterioration for carbon-
ation and chloride exposure.

CONCRETE MIX DESIGN (according to EN 197, EN 206)

INPUT 

Cement Type 
Selection between 27 cement types (ENV-197) and of Standard Cement 
Strength Class. Composition in clinker, other main constituents, minor 
constituents, gypsum. Cement density and content 

Additions Type I (filler aggregate and/or pigments), Type II (siliceous/calcareous fly ash, 
silica fume), additions density and content 

Admixtures 
Type (retarder, accelerator, air-entraining, plasticizer, superplasticizer), 
density, solid content, dosage. Total admixture content 

Water Water added, water from admixtures and aggregates, water density and content 

Aggregates Aggregate type, aggregate density, maximum nominal aggregate size 

Air Entrapped-air content, entrained-air content, total air content 

OUTPUT Aggregate content, fresh concrete density 

ESTIMATION 
OF CONCRETE 
STRENGTH 

ESTIMATION OF 
SERVICE LIFE WITH 
RESPECT TO 
CARBONATION 

ESTIMATION OF 
SERVICE LIFE WITH 
RESPECT TO 
CHLORIDE 
PENETRATION

COST & 
ENVIRONMENTAL 
ASPECTS 

INPUT INPUT INPUT INPUT 
All of the previous All of the previous, plus 

environmental conditions 

• Exposure class 
• Relative humidity, 
• CO2-content in air 
• Use of mortar or other 

coating (type, chemical 
analysis, width) 

All of the previous, plus 
environmental conditions 

• Exposure class 
• Internal concentration of 

Cl-

• External source of Cl-

• Cl- concentration at 
concrete surface  

• Degree of exposure 
• Relative humidity 
• Use of corrosion 

inhibitors, coatings, etc. 

All of the previous, plus 

• Financial input 
purchase cost of  
materials, mixing, 
transport. and delivery 
cost 

• Environ. input 
environmental impact 
from materials 
production 

OUTPUT OUTPUT OUTPUT OUTPUT 
• Mean compressive 

strength 
• Strength Class 
• Strength ratio 2/28 days 
• Strength Development 

• corrosion-initiation 
period,  

• corrosion-propagation 
period,  

• total service life 

• Adequate concrete cover 
needed to sustain a 
corrosion free structure, 
for a given service life  

• corrosion-initiation 
period 

• Concrete production 
cost  

• Environmental cost 

TECHNICAL AND ECONOMICAL OPTIMIZATION
Mixture proportions optimization to achieve the specified strength and durability at the lowest cost.

CHEMICAL & VOLUMETRIC CHARACTERISTICS OF CONCRETE

INPUT Cement Composition,  
Oxide Analysis 

Oxide analysis of clinker, oxide analysis and activity of other main 
constituents of cement, oxide analysis and activity of silica fume and fly 
ash 

OUTPUT Reaction degree of other main constituents of cement and concrete additions. Contents of calcium 
hydroxide, calcium silicate hydrate, chemically-bound water, porosity 

Fig. 1. Logic tree of software for estimation of concrete service life, strength, economical and environmental cost.
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