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Abstract. The architectural heritage of the ‘50s, mainly built in reinforced concrete, 5 

currently presents serious problems of degradation in the structural members more exposed 6 

to environmental aggressiveness. One cause of degradation of the porous materials is the 7 

presence of sulphates in the water whose crystallisation causes microfractures inside itself 8 

with subsequent detachment of surface layers. It is important to be able to predict the 9 

evolutionary trend of such damage on the basis of the composition of the concrete in order 10 

to improve its performance. The uncertainties inherent in the phenomenon of degradation 11 

suggest a probabilistic approach to this problem. Therefore, to study the decay produced 12 

by the presence of sulphates in concrete structures, accelerated durability laboratory tests 13 

on concrete specimens were carried out. This decay, quantified in laboratory through a 14 

laser-triangulation profilometer, provides the basis on which a probabilistic modelling of 15 

the evolution of durability over time was developed. 16 
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Introduction 21 

The '50s and '60s of the last century are to be considered the most fruitful period for the 22 

experimental use of reinforced concrete in architecture. In fact, in those years, designers 23 

like Le Corbusier, Nervi, Candela, Kahn, Morandi, Musmeci, Ammann, etc. intensified 24 

their research on the use of this material in architecture and engineering, thanks to its 25 

characteristics that make it unique: a fluidity that allows the construction of interesting 26 

plastic shapes and an important strength once it has been put in place and cured. 27 

During its service-life the reinforced concrete shows durability limits, not initially 28 

foreseen. Like all porous materials, if immersed in aggressive environments, it suffers from 29 

deterioration (Bertolini et al. 1998, Bertolini 2008, Macdonald 2003).  30 

Due to climate change and the high concentration of pollutants in urbanised industrial 31 

environment, many buildings and infrastructures in reinforced concrete are undergoing 32 

severe deterioration (Brimblecombe 2004). Some of these constructions are of considerable 33 

cultural value, because they have marked an era in architecture and, therefore, it is 34 

important to preserve them ensuring both the level of performance and the quality of 35 

expression. 36 

Many authors have developed research on the decay of reinforced concrete 37 

constructions, ranging from identifying the symptoms that lead to deterioration, (Bertolini 38 

et al. 1998, Macdonald 2003, Melchers and Li 2009) to the topic of reconversion and reuse 39 

of these buildings once they have been restored (Thorne 1997, Allan 2010). 40 

However, the crucial point is to understand how aggressive actions attack the material and 41 

how the degradation due to these attacks evolves over time, compromising the performance 42 

and the safety of the entire structure. Literature has shown many examples on this subject, 43 

too. (Der Kiureghian 2008, Ang 2011, Barone and Frangopol 2014, Sgambi et al. 2014, 44 
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Garavaglia and Sgambi 2015, Biondini and Frangopol 2016, Garavaglia and Sgambi 2016, 45 

Garavaglia, Basso and Sgambi 2018).  46 

The aim of this paper concerns the study of the deterioration of concrete and cement 47 

mortars when they are immersed in an aggressive environment and the prediction of the 48 

evolution of their degradation over time. As reported in many of the studies cited, (Melcher 49 

and Li 2009, Ang, 2011, Garavaglia et al. 2013, Biondini and Frangopol 2016) 50 

environmental attacks are assumed as random variables. In fact, occurrence, duration and 51 

intensity are usually unknown; even the response of materials under certain stress may 52 

show randomness. With regard to building materials (stones, bricks, mortars and cement) 53 

the uncertainty of their behaviour towards environmental attacks cannot be neglected, it 54 

depends a lot on the inhomogeneity already present in the material itself, e.g. in concrete 55 

and mortar the uncertainties are related to the distribution of aggregates, the water/cement 56 

ratio, the packaging, the curing and so on. For years the authors have faced the durability 57 

of masonry and of its components from a probabilistic point of view (Garavaglia et al. 2008, 58 

Garavaglia et al. 2016) as aware of these uncertainties. Thanks to the experience gained 59 

and considering the uncertainties previously listed, in this paper it was considered 60 

appropriate to address the degradation of concrete over time from a probabilistic point of 61 

view.  62 

The probabilistic approach proposed is simple to apply, and efficient, thus allowing: 63 

• to check, at each detection cycle, the loss of performance of a given parameter in 64 

relation to the detection point; 65 

• to estimate, in probabilistic terms, the evolution of degradation and, consequently, the 66 

time necessary to reach a certain level of damage. 67 

Since it is impossible to take into account all the uncertainties involved in the 68 

degradation process and their implications on its evolution, this paper will try to identify a 69 
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parameter of significant damage (assumed as a random variable of the problem) and study 70 

its evolution over time due to a precise induced risk (for example a precise aggressive 71 

attack). 72 

To arrive at a correct modelling of the degradation process that affects the concrete 73 

immersed in an aggressive environment, research has been carried out to identify one of 74 

the most damaging agents for the material. In section 1, sodium sulphate is identified as an 75 

important degradation agent for concrete supported by studies of international importance. 76 

On the basis of the observations developed in section 1.1, in section 1.2 the reasons for the 77 

choice to deal with this problem from a probabilistic point of view are discussed. In section 78 

2 the proposed probabilistic approach is introduced. For a correct application of a 79 

probabilistic approach the fundamental base are the data sets and their sample size. The 80 

proposed approach can be applied to both existing structures, as long as there is an effective 81 

network of damage detection sensors and monitoring time sufficiently long to be reliable 82 

from a statistical point of view, and to experimental tests carried out in laboratory in a 83 

controlled environment. The data analysed were collected during laboratory tests in a 84 

controlled environment. The test procedures developed and the data collected are 85 

summarised in section 3. From the results obtained in the laboratory it is possible to identify 86 

the loss of surface material as a significant parameter of damage. In Section 4 the detections 87 

of the damage at each cycle, the surface roughness through a laser-triangulation CMOS-88 

CCD profilometer is shown. The parameter of damage on which the research will be 89 

concentrated is introduced and quantified in section 5, while in section 6 the application of 90 

the probabilistic approach in the study of the propagation of damage in the concrete 91 

subjected to sulphate attack is introduced. The results obtained are reported in section 6, 92 

while the conclusions are reported in section 7. 93 

 94 



5 
 

1. The deterioration of concrete due to environmental attacks 95 

1.1. Sodium Sulphate attacks and its important effects on the concrete durability 96 

Some substances, either occurring naturally or resulting from human activity and found in 97 

the soil or in the water, can cause decay in concrete due to chemical reactions that 98 

developed with the constituents of the cement matrix. Durability of concrete structures is 99 

influenced by sodium sulphate (Na2SO4) attack and also by environmental conditions 100 

(Alexander, Bertron and De Belie 2013) such as temperature, pH value and sulfate 101 

concentration in the salt solution. Sulfate attack is larger in concrete exposed to wet-dry 102 

cycling. When water evaporates, sulphate ions can accumulate on the concrete surface, 103 

increasing in concentration, thus causing deterioration (ACI Committee 201 1991). 104 

Porous concrete is susceptible to weathering caused by salt crystallisation. Under drying 105 

conditions, salt solutions can rise to the surface by capillary action and, as a result of surface 106 

evaporation, the solution phase becomes supersaturated and salt crystallisation occurs, 107 

sometimes generating pressures large enough to cause cracking and scaling (Scherer 2004). 108 

Sulphate attack on concrete structures has been the subject of several experimental 109 

studies, with the damage caused by secondary ettringite formation being predominant at 110 

low concentration of sodium sulfate (Akpinar and Casanova 2010, Yu, Sun and Scrivener 2013, 111 

Cefis, Comi and Tedeschi 2015), while the damage caused by the formation of gypsum 112 

predominates at high concentration of sodium sulfate (Glasser, Marchand and Samson 113 

2008). However, few studies cover the damage of concrete due to crystallization of water 114 

soluble sulphate salts with the use of laser scanner to evaluate the damage after wet-dry 115 

cycles on concrete blocks (Kim, Hossain and Chi 2011).  116 

1.2. The reasons for a probabilistic approach 117 

One of the problems that cause the deterioration of reinforced concrete structures is 118 

therefore the crystallisation of soluble salts present in water and especially sulphates. The 119 
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damage caused by the crystallisation of these salts is the progressive loss of surface 120 

material. This phenomenon depends on many factors that are not always deterministically 121 

governable such as: the aggressiveness of the attack, the distribution of the porosity in the 122 

material, the distribution of the aggregates, the conglomerate packaging procedure, the 123 

laying of concrete and its curing procedure, etc. The life time of the structural elements 124 

should also be considered, because it is during this lapse of time that they suffer unknown 125 

and often unpredictable a priori attacks. 126 

In such a situation it is inevitable to face the problem from a probabilistic point of view. 127 

The research carried out in this field hardly ever deals with the probabilistic problem 128 

(Ronziere et al. 2009, Cefis and Comi 2017, Ikumi et al. 2017) indeed, as it is well known, 129 

reliable probabilistic analysis requires a significant amount of data and dealing with such a 130 

complex issue from surveys on existing buildings involves long and costly monitoring 131 

actions. 132 

It is also known that laboratory tests performed following standard recommendations, such 133 

as RILEM procedures (RILEM MS-A1 1998), can already provide important information 134 

on the evolution of degradation even with the limits imposed by accelerated tests. 135 

The problem of probabilistic modelling of the progressive damage of building materials 136 

such as bricks, stones and masonry as a whole has been dealt with since 2000 by the 137 

research group led by Luigia Binda (Binda and Baronio 1987, Van Balen et al. 1996, 138 

Cardani et al. 2002a, Cardani et al. 2002b). The proposed approach is the interpretation of 139 

the problem as a classic reliability problem. This interpretation seems satisfactory and has 140 

received international acclaim (Garavaglia, Lubelli and Binda 2002, Garavaglia et al. 2008, 141 

Garavaglia et al. 2016).  142 

The degradation of a cementitious material subject to salt crystallisation seems to follow a 143 

process very similar to that found in other building materials, therefore it is believed that 144 
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the probabilistic approach developed by Garavaglia, Lubelli and Binda (2002) can also be 145 

effective in modelling of this material. 146 

 147 

2. Some notes on the proposed probabilistic approach  148 

The probabilistic approach concerns the construction of fragility curves that are able to 149 

describe the probability of reaching and exceeding a certain damage threshold over time. 150 

These concepts are explained in the following section. 151 

2.1. Fragility Curves approach 152 

If some significant damage thresholds, 𝑎𝑎�, are considered and the variable time needed to 153 

exceed it must be predicted; then the deterioration process must be treated as a reliability 154 

problem where the reliability function 𝑅𝑅�(𝜏𝜏) is the probability that a system exceeds a 155 

given significant damage threshold 𝑎𝑎� over time τ. The random variable that is used to 156 

quantify reliability is 𝑇𝑇�. 𝑇𝑇� is the cycle in which exceeding of the damage 𝑎𝑎� can happen 157 

with a given level of probability (Garavaglia et al. 2008):  158 

𝑅𝑅�(𝜏𝜏) = Pr(𝑇𝑇� > 𝜏𝜏) = 1 − 𝐹𝐹𝑇𝑇�(𝜏𝜏) (1) 159 

where 𝑅𝑅�(𝜏𝜏) is the time dependent reliability function, 𝐹𝐹𝑇𝑇�(𝜏𝜏) is the distribution function for 160 

𝑇𝑇�.  161 

Computing 𝐹𝐹𝑇𝑇�(𝜏𝜏)for different damage levels 𝑎𝑎� allows for the construction of the fragility 162 

curve for each 𝑎𝑎�. 163 

A fragility curve describes the probability of reaching or exceeding a given damage 𝑎𝑎� 164 

over time (or for cycles).  165 

Due to so many uncertainties, we must foresee that, at any time t*, the level of decay 166 

reached from a construction material, affected by an aggressive environment, may be 167 

different from point to point of detection and that this variation can be predicted and 168 

modelled through an appropriate probability density function 𝑓𝑓𝑎𝑎(𝐴𝐴), (Fig. 1a). The damage 169 
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modelling, instant by instant, will be the basis for the construction of fragility curves. 170 

In fact, for a chosen damage level 𝑎𝑎� at a given cycle τ*, the probability to reach 𝑎𝑎� can 171 

be seen as the area under the threshold 𝑎𝑎� and the probability of exceeding it can be seen as 172 

the area over the threshold 𝑎𝑎� (Fig. 1a, shaded area).  173 

Indeed, the computed areas over different thresholds 𝑎𝑎� provide the experimental 174 

exceeding probability used to fit the fragility curves. Therefore, the exceeding probabilities 175 

evaluated for each damage level 𝑎𝑎� at every cycle τ*, lead to the building of the experimental 176 

fragility curves for each chosen 𝑎𝑎� and their theoretical modelling 𝐹𝐹𝑇𝑇�(𝜏𝜏) (Garavaglia, Lubelli 177 

and Binda 2002)  (Fig. 1b). 178 

The choice of the density 𝑓𝑓𝑎𝑎(𝐴𝐴) for the modelling of the damage level, instant by instant, 179 

is very delicate, as is the choice of the probability distribution 𝐹𝐹𝑇𝑇�(𝜏𝜏) for the theoretical 180 

interpretation of the experimental distribution of the exceedance probability for every 181 

threshold. 182 

 183 

Here Fig 1 184 

Fig. 1 Probability to cross the threshold 𝑎𝑎�: a) Log-Normal p.d.f. modelling damage at each t*; b) experimental 185 
(⯅) and Weibull theoretical (―) fragility curves 186 

 187 

This choice cannot overlook the correct physical knowledge of the phenomenon studied 188 

and the knowledge of the behaviour of the distributions in their tails, a behaviour governed 189 

by the failure rate function:  190 

ℎ𝑇𝑇�(𝜏𝜏) = 𝑓𝑓𝑇𝑇�(𝜏𝜏)
1−𝐹𝐹𝑇𝑇�(𝜏𝜏)

 (2) 191 

where ℎ𝑇𝑇�(𝜏𝜏) is the time dependent failure rate function, 𝑓𝑓𝑇𝑇�(𝜏𝜏) is the probability density 192 

function of the variable 𝑇𝑇� and 1 − 𝐹𝐹𝑇𝑇�(𝜏𝜏) = ℑ𝑇𝑇�(𝜏𝜏) is the survivor function of 𝑇𝑇� . 193 

As explained in (Garavaglia, Lubelli and Binda 2002) each behaviour assumed by (2) is 194 

characteristic of a certain type of distributions, this is the reason why it has been stated that 195 
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the choice of the distribution for a probabilistic modelling of a given phenomenon cannot 196 

disregard the knowledge of the physical behaviour of the phenomenon. 197 

On the basis of these observations, it will be possible to proceed with the choice of the most 198 

suitable distribution. 199 

 200 

3. Laboratory tests development 201 

3.1. Specimens details 202 

The experimental study of the surface deterioration of the cement aggregate subjected 203 

to salt crystallisation of dissolved sulphates was designed following the RILEM procedure 204 

(RILEM MS-A1 1998), and carried out on the series of samples suitably packaged.  205 

The specimens of concrete (150mm x 150mm x150mm) were cast in two different days 206 

characterized by different humidity conditions and in series of eight cubes. The acronyms 207 

1R and 2R identify the specimens produced in the two different days. The specimens’ 208 

preparation was the same for both the days; it consisted in a concrete mix design prepared 209 

with 0,45 water to cement ratio, 250 Kg/m3 cement content (CEM II / A-LL 42.5 R, 210 

chemical composition reported in Table 1) and 32mm maximum siliceous aggregate size. 211 

The concrete cubes carried out were cured in a controlled environment laboratory at 212 

20°C and 90% RH for 28 days. 213 

 214 

Here Tab. 1 215 

Table 1 Chemical composition of the cement 216 

 217 

After curing, the specimens were subjected to durability tests according to RILEM MS 218 

A.1 (1998). They were filled with a 10% of Na2SO4 solution concentration for 24 hours to 219 

develop the accelerated ageing of the specimens due to crystallization phenomena. Then 220 
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they were stored on a layer of a dry gravel into a plexiglas box open at the top, with the 221 

upper surface exposure to 20°C and 50% RH (Fig.2a). At 4 week intervals (4 weeks 222 

corresponding to one cycle), the specimens were subject to: a) visual inspection, b) 223 

photographic survey, c) description of the efflorescence, d) cleaning the surface of 224 

efflorescence and detached material with a soft brush, e) photographic survey, f) 225 

description of the damage, g) monitored the surface area with a laser profilometer to 226 

evaluate the damage. To restart the natural crystallization phenomena and the process of 227 

decay demineralized water was added every 4 weeks resulting in the beginning of a new 228 

cycle. 229 

 230 

Here Fig. 2 231 

Fig. 2 a) Scheme of the specimen for crystallization test; b) scheme the profile measurements of the specimens 1R8 232 
and 2R7 assumed for probabilistic analysis (red areas)  233 

 234 

The measurements recorded at each 4-week cycle using the laser profilometer, showed 235 

a modified surface because of the decay due to the loss of material. This type of damage 236 

can be quantified calculating the area included between two contiguous profiles. These 237 

results were then used to define a probabilistic model.  238 

On the basis of the results obtained by the durability tests, to approach the probabilistic 239 

interpretation of the data recorded only two specimens were chosen: 1R8 and 2R7 which 240 

could be considered representative of the entire sample size. 241 

3.2. Some consideration after the durability tests and the visual observation 242 

By visual observation it seems that at the end of the crystallization test (month T24, 24 243 

months, after its beginning) the specimen 1R8 seems to be more damaged than the 244 

specimen 2R7. The decay of the specimen 1R8 develops on all surfaces exposed to the 245 
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aggressive environmental conditions. The specimen 2R7 is damaged along the edges and 246 

in a limited area, from the top of the concrete casting to about 35mm of depth (Fig. 3). 247 

Here Fig. 3 248 

Fig. 3 Surface slice of the specimens 1R8 e 2R7 after 24 month cycles. 249 

The decay recorded on the cubes is probably influenced by the porosity of the material 250 

and by the pore distribution. Each specimen is characterized by a distribution of aggregates 251 

and by the pore characteristics that change for each specimen even if the specimens were 252 

cast using the same mix design. The characteristics just described, influence the capillary 253 

rise and the salts crystallization in the material. On this topic new research are in progress 254 

with the aim to catch a relation between pore distribution, size and decay velocity. 255 

3.3. Damage measurement by laser profilometer 256 

The superficial damage suffered by the material in each crystallisation cycle is estimated 257 

through the relief of surface roughness variations. This operation is performed with a laser 258 

profilometer (Fig. 4a). Over the years there has been an evolution in the equipment to detect 259 

the roughness of the surface, this equipment has gone from a linear reading (Cardani et al. 260 

2002a and 2002b, Binda, Cardani and Tedeschi 2005) to a reading of the area (Fig.4b) 261 

(Tedeschi et al. 2010). 262 

The profilometer used in this study is a laser- Triangulation CMOS-CCD profilometer 263 

(Fig. 4a). The profilometer had a biaxial system (X, Y) with linear axis controlled by 264 

servomotors, high precision movement (positioning, repeatability and guiding) with a 265 

maximum dimensions of the axis of 600mm x 600mm. It is an optoelectronic displacement 266 

measurement system with an integrated digital signal processor. This sensor measures 267 

position against almost any target without touching the specimen by means of a 268 

triangulation arrangement (measure range: 50mm; linearity: ±0.2%; resolution static: 5μm 269 

and dynamic: 25μm; measuring rate: 1KHz).  270 
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The laser profilometer allows quantifying the loss of material on the exposed surface, 271 

by comparing the measurements from the start (T0) to the end of the cycles (T18) with a 272 

0.5mm resolution.  273 

Profiles recorded at the end of each salt crystallization cycle showed the changes of the 274 

surface over time due to the progress of decay. Therefore, the loss of material was measured 275 

starting from the second month from the beginning of the test (Garavaglia, Lubelli and Binda 276 

2002). 277 

Since each consequent profile was the measure of the loss of material during the 278 

previous cycle (4 weeks), the damage can be assumed as the loss of material itself and 279 

quantified as the area included between two contiguous profiles (an example is the dashed 280 

area in Fig. 5). These results can be used for probabilistic modeling of the progressing 281 

damage (Garavaglia et al. 2008) and for the life cycle assessment of the concrete specimens 282 

produced in different period and subjected to salt crystallization. 283 

 284 

Here Fig.4 285 

Fig. 4. a) Laser profilometer; b) Profilometer cycle by cycle surface reading 286 

Here Fig. 5 287 

Fig. 5 Example of the area included between two contiguous profiles recorded with the profilometer. 288 

 289 

4. Probabilistic modeling of surface deterioration  290 

4.1. The choice of the suitable damage parameter  291 

The loss of material assumed to quantify the damage of concrete decay due to salt 292 

crystallization was measured as the area between two contiguous profiles recorded cycle 293 

by cycle. Therefore, for each profile i, the loss ai was computed at every cycle. To compare 294 

the results obtained, the damage was plotted in percentage:  295 
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𝑎𝑎𝑖𝑖(𝑘𝑘) = 𝐴𝐴𝑖𝑖(𝑘𝑘)
A𝑻𝑻

 (3) 296 

where Ai(k) (lost area) is the area included between two consequent profiles in position k (Fig. 297 

5, dashed area) recorded at the ti and AT is the transversal section area (rectangular gray area in 298 

Fig. 2). A simple linear interpolation of the experimental data provided a quite readable trend 299 

of the behavior of the loss a(k) over time where a(k) (Eq. 4) is assumed to be the sum of the 300 

area lost till the instant t* by profile in position k (Fig. 6a) 301 

𝑎𝑎 (𝑘𝑘) = ∑ 𝑎𝑎𝑖𝑖(𝑘𝑘)𝑛𝑛
𝑖𝑖=1  (4) 302 

 303 

Here Fig. 6 304 

Fig. 6. a). Loss vs. time: example of behavior; b) Example of log-normal distribution of loss of material vs. 305 
time 306 
 307 

4.2. The modelling 308 

During the laboratory tests, the measurements can be made following a precise program 309 

(i.e. weekly or monthly cycles), and referred to a time variable τ. As expected, the 310 

measurements made at the same time on different profiles showed dispersion around the 311 

average value. Therefore, at each instant τ, the deterioration process was assumed only as 312 

function of the random variable a. To model this behavior, the choice of an adequate 313 

distribution function is needed. This choice is not simple: it must be based on the knowledge 314 

of the modeled physical phenomenon and of the mathematical frame governing the 315 

behavior of tails distribution.  316 

The physical model suggests that the loss of surface material for salt crystallization can 317 

be classified into a given interval of size.  318 

The immediate loss larger than that usually recorded is an extremely rare event, and 319 

again the larger the loss expected the smaller the probability that it could happen in the 320 

analyzed cycle. 321 
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On the basis of the experimental evidence, the probability density function (p.d.f.) 322 

chosen to model the material loss is the Log-Normal p.d.f. having the following 323 

mathematical form: 324 

𝑓𝑓𝑎𝑎(𝐴𝐴) = 1
𝐴𝐴𝐴𝐴√2𝜋𝜋

exp �− (ln𝐴𝐴−𝜇𝜇)2

2𝜎𝜎2
� (5) 325 

where µ and σ are the mean and the standard deviation of distribution and A is the random 326 

variable describing the area lost. 327 

The immediate failure rate function, ℎ𝑎𝑎(𝐴𝐴), of Log Normal distribution is a function 328 

that decreases when the loss value A increases, so it seems good to interpret the behavior 329 

of the loss at each cycle (Fig. 6b) (Garavaglia, Lubelli and Binda 2002). 330 

The next step has been the building of the fragility curves 𝐹𝐹𝑇𝑇�(𝜏𝜏). To model numerically 331 

the experimental fragility curves a function has also to be chosen that should provide a 332 

good interpretation of the physical phenomenon: in all the damage cases studied here, a 333 

Weibull distribution has been chosen (Garavaglia, Lubelli and Binda 2002): 334 

𝐹𝐹𝑇𝑇�(𝜏𝜏) = 1 − exp[−(𝜌𝜌𝜌𝜌)𝛼𝛼] (6) 335 

with α > 0 indicating the shape parameter of the distribution and 𝜌𝜌 = Γ(1 + 1
α

) 𝜇𝜇�  > 0, 336 

where µ is the mean value of the distribution and Γ is the Eulero’s Gamma function, 337 

indicating the scale parameter of the Weibull. 338 

Of course, the choice has been based on a physical interpretation of the decay process 339 

induced in the porous building materials by environmental aggressive agents over time. 340 

The decay process can be interpreted like a dynamic process that, being the material 341 

under attack, constantly evolves describing how its performance can be compromised. 342 

If some significant damage levels, a, are defined, the decay process shows how the 343 

material reaches and exceeds each of them over time. If the cause of damage endures, the 344 

damage advances and, therefore, if a given damage level 𝑎𝑎� has not yet been reached at the 345 
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time t, the probability that it can happen in the next immediate interval dτ increases; hence, 346 

the probability increases if τ tends to infinity. 347 

The behavior here described seems to be well modelled by a distribution having an 348 

increasing hazard rate ℎ𝑇𝑇�(𝜏𝜏). Weibull distributions present exactly this type of failure rate. 349 

 350 

5. Application of the probabilistic modelling to the case study 351 

In this section the results obtained on 1R8 and 2R7 specimens from T0 to T18 cycles are 352 

discussed. 353 

5.1. 1R8_Specimen 354 

The deterioration process of the specimen 1R8 was analyzed along the two strips: one 355 

damaged and one undamaged; each strips consisting of 40 profiles. 356 

5.1.1. 1R8_D damaged strip 357 

Profile measurements show how the lack of homogeneity of the conglomerate affects 358 

the damage. By profilometer records and visual inspection it seems evident that the 359 

behavior of profiles of the damaged strip is characterized by an important swelling. It starts 360 

from the twelfth month and it causes the detachment of some material up to the seventeenth 361 

month. Probably the detachment is due to expulsion of one aggregate with the consequent 362 

formation of a gap/isolated depression. 363 

Figure 7a shows the probability density of recorded material loss month by month. 364 

Note that for the 9th and 10th month they are characterised by a slightly higher 365 

dispersion, a symptom that in some points the loss of material is higher than other points 366 

of the strip. The highest modal value is recorded for profile 12, this is also a symptom of 367 

possible swelling and loss of material. The behaviour then remains constant up to 18 368 

months when the dispersion returns to be similar to that of the first months, a sign that the 369 
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separation has now taken place. The results shown in Figure 7 seem to confirm the 370 

deterioration observed during the visual inspections performed. 371 

In Figure 7b the modelling 𝑓𝑓𝑎𝑎(𝐴𝐴) of the progressive loss a(k). In Figure 7b the 4 372 

damage thresholds which are considered to be significant in the accelerated laboratory 373 

test are also reported. The four chosen thresholds: 𝑎𝑎�=0.05; 𝑎𝑎�=0.10; 𝑎𝑎�=0.15 𝑎𝑎�=0.20, will 374 

be used in all the elaborations performed for the construction of the fragility curves 375 

following the procedure presented in Section 2.1. 376 

 377 

Here Fig. 7 378 

Fig.7, 1R8_D damaged strip (in red) Log-Normal probabilistic density modeling 𝑓𝑓𝑎𝑎(𝐴𝐴) of the damage over 379 
time. 380 
 381 

5.1.2. 1R8_ND Undamaged strips 382 

The behavior during the cycles for undamaged strips is different. The decay is 383 

widespread and there is a progressive swelling as from the twelfth month, but no 384 

detachment occurs until T18. In some profiles a strong decrease is present and it’s related 385 

to the presence of holes on the surface due to the concrete withdrawal or its packaging. 386 

From T7 onwards then there is a loss of material in correspondence of all profiles of the 387 

strip, but no swelling was visible before. This behavior is shown in Fig 8a, which 388 

summarizes the probabilistic modeling of these phenomena. In Figure 8b the modelling 389 

𝑓𝑓𝑎𝑎(𝐴𝐴) of the progressive loss a(k) is reported. In this case the progressive loss shows a 390 

greater dispersion in the measured loss values but the tendency to damage progression (Fig. 391 

8b) is very similar to the trend shown by the strip 1R8_D (Fig.7b). The reason for this 392 

behaviour in the apparently undamaged strip may be due to the presence of the surface 393 

voids.  394 

Here Fig. 8 395 
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Fig. 8 1R8_ND Undamaged strip (in red) Log-Normal probabilistic density modeling 𝑓𝑓𝑎𝑎(𝐴𝐴) of the damage 396 
a) cycle by cycle; b) over time. 397 
 398 

Following the procedure proposed in Section 2.1 and 4.2, the fragility curves were built 399 

for both strips 1R8_D (damaged strip) (Fig. 9a) and 1R8_ND (undamaged strip) (Fig. 9b).  400 

 401 

Here Fig. 9 402 

Fig. 9 Weibull distribution modelling the fragility curves: a) 1R8_D; b) 1R8_ND 403 

 404 

Even the fragility curves do not seem to report differences in behaviour. The results 405 

reported in Table 2 for a probability of exceeding the thresholds 𝑎𝑎�, equal to 20%, show a 406 

slightly faster deterioration rate for the undamaged strip, a trend that is reversed in 407 

probability of occurrence above a certain percentage (i.e. 60% in Table 2).  408 

Here Table 2 409 

Table 2 Prediction instant of crossing  𝑎𝑎�  with probability of occurrence equal to 20% and 60%. 410 

 411 

5.2. 2R7 Specimen 412 

The decay on the specimen 2R7 were analysed along two strips in two different positions 413 

and also in this case the damage seems to be different according to the position of the two 414 

strips analysed. The results of the profilometer reading are listed in the following. 415 

5.2.1. 2R7_D damaged strip 416 

Inhomogeneity of the material influences decay. Cycle after cycle the surface of this 417 

specimen indicated most damage and it presents always greater roughness. From T0 to T8 418 

there is a progressive decay with swelling, even limited swelling, that caused the 419 

detachment of material or the loss of aggregates and the formation of depressions in the 420 

specimen. 421 
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The high variation of deterioration along the whole strip is evident by the large 422 

dispersion present in distributions modelling the damage, cycle by cycle (Fig. 10a) and of 423 

the density 𝑓𝑓𝑎𝑎(𝐴𝐴) of the progressive loss a(k) throughout the duration of the test (Fig. 10b).  424 

 425 

Here Fig. 10 426 

Fig. 10 2R7_D Log-Normal probabilistic density modeling 𝑓𝑓𝑎𝑎(𝐴𝐴) of the damage a) cycle by cycle; b) over 427 
time. 428 

 429 
5.2.2. 2R7_ND Undamaged strip 430 

The decay of the 2R7 specimen is equal and very low for each profile analyzed for the 431 

undamaged area. 432 

This result is confirmed by the probabilistic modelling of the damage. In Figure 11 the 433 

probability distribution shows a very narrow distribution, which represents a low 434 

dispersions of the data collected. 435 

 436 

Here Fig. 11 437 

Fig. 11 2R7_ND Log-Normal probabilistic density modeling 𝑓𝑓𝑎𝑎(𝐴𝐴) of the damage a) cycle by cycle; b) over 438 
time. 439 

 440 
Figure 12 shows the fragility curves plotted for the specimens 2R7_D and 2R7_ND and 441 

for the thresholds  𝑎𝑎�=0.05; 𝑎𝑎�=0.10; 𝑎𝑎�=0.15 𝑎𝑎�=0.20 442 

 443 
Here Fig. 12 444 
 445 

Fig. 12 Weibull distribution modelling the fragility curves: a) 2R7_D; b) 2R7_ND 446 

 447 

Also the fragility curves in Figure 12 and the probability of occurrence reported in Table 448 

3 showed the difference in behaviour between the 2R7_D and 2R7_ND strips. The strip 449 

2R7_D showed a behaviour very similar to the 1R8 specimen while confirming what was 450 

detected at the end of the test, i.e. that the 1R8 specimen at the end of the test showed a 451 
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degradation higher than that detected in the 2R7 specimen. On the other hand, the 2R7_ND 452 

strip showed a distinctly different behaviour: the probability of occurrence of losses is very 453 

much shifted over time (Tab. 3) so much so that for the last threshold it was not possible to 454 

predict the probable time of occurrence. The behaviour of this strip is found on most of the 455 

surface of the 2R7 specimen excluding the edge strips.  456 

 457 

Here tab. 3 458 

Table 3 Prediction instant of crossing 𝑎𝑎�  with probability of occurrence equal to 20% and 60%. 459 

 460 

The different behavior of the two samples analyzed may be due to the different 461 

environmental conditions of the site where the samples were prepared. These conditions 462 

may have caused a change in the porosity of the concrete and the consequent different 463 

damage, even if the mixture, the formwork and the packaging procedure were the same for 464 

all the samples. 465 

 466 

Conclusions 467 

Because of the many uncertainties in the realization of aggressive environmental attacks, 468 

in their magnitude and duration, it seems to be useful to face the problem of the degradation 469 

of building materials immersed in such environments using probabilistic approaches. 470 

As is well known, such approaches, in order to be considered reliable, require suitable 471 

sample sets collected over a sufficiently long time interval. Getting on-site sampling that 472 

meets these needs is not simple, but, thanks to accelerated tests performed in the laboratory 473 

following appropriate recommendations (RILEM MS-A1 1998) it is possible to obtain a 474 

simulation of the behaviour of these materials in an aggressive environment and a 475 

sufficiently reliable sampling of data. 476 
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The probabilistic model proposed in this paper, although having an applicative value to 477 

real cases monitored over a sufficiently long period of time, is presented here and applied 478 

to data recorded in the laboratory with accelerated tests. Thanks to the use of a 2D Laser 479 

profilometer, it has been possible to base the analyses on a rather large data-set (readings 480 

every 5mm in the X and Y directions, on a surface of 22500mm2). The aim of the research 481 

was to understand and predict the evolution of the deterioration of the concrete subjected 482 

to the attack of sulphates, one of the most aggressive agents for this type of material.  483 

Preliminary results obtained through crystallization tests on concrete specimen put in 484 

evidence the variability of the specimen used with the same mix design. Probably the 485 

different behavior is connected with the different pore distribution and the thickness of the 486 

specimens that influenced the capillary rise and the salts crystallization in the material. The 487 

loss of material caused by swelling and detachment of cement paste or small aggregate in 488 

the specimen 1R8 is widespread on all surface, while in the specimen 2R7 it is concentrated 489 

along the borders.  490 

The application of the proposed probabilistic approach, based on the building of the 491 

fragility curves, allowed to model, in probabilistic terms, both the degradation of the 492 

concrete at each cycle and its evolution over time. The visually identified behaviour was 493 

confirmed by these models: the sample 1R8 and the strip 2R7_D showing a higher porosity 494 

have a very similar behaviour in the quantification of the loss of surface material at each 495 

cycle and in its progression over time, in fact, the pdf of the figures 8, 10 and 13 are very 496 

similar: a behaviour similar to the behaviour shown by the strip 2R7_D was also detected 497 

on the edges of the specimen, while the remaining portion of the surface shows a behaviour 498 

similar to that recorded for the strip 2R7_ND (Fig. 11). 499 

The construction of the fragility curves has allowed to estimate, in probabilistic terms, 500 

the times of occurrence of a given level of damage. Their structure is flexible and able to 501 
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capture different behaviours due to the randomness that affect the environmental attacks, 502 

the packaging and curing of the concrete, and the composition of the material itself. The 503 

fragility curves have shown even more clearly the importance of a certain care in the 504 

packaging of the material and this because the initial superficial roughness and presence of 505 

voids and small cavities facilitate the degradation due to salt crystallisation. 506 

The authors believe that the proposed approach is easy to apply since it can be performed 507 

using commercial statistical codes, but has an interesting predictive value on the evolution 508 

of degradation in construction materials. 509 

A future development of this research will be to test the reliability of the method with a 510 

lower number of data hoping to be able to establish the minimum number of detection 511 

moments (or laboratory cycles) for a reliable life cycle forecast of a building material. 512 

 513 
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APPENDIX I NOTATION 600 

The following symbols are used in this paper 601 

a = loss of material 602 

a (k) = sum of the area lost till the instant t* by profile in position k 603 

ai (k) = percentage of area lost on profile i in position k 604 

𝑎𝑎� = significant damage threshold 605 

Ai (k) = area lost between two consequent profiles in position k during the cycle i 606 

AT = transversal section area 607 

D = damaged strip 608 

exp = 2.718281828 609 

𝑓𝑓𝑎𝑎 = probability density function of a 610 

𝑓𝑓𝑇𝑇�  = probability density function of 𝑇𝑇� 611 

𝐹𝐹𝑇𝑇�  = cumulative distribution function of 𝑇𝑇� 612 

ℑ𝑇𝑇�  = survivor function of 𝑇𝑇� 613 

ℎ𝑇𝑇�  = failure rate function of 𝑇𝑇� 614 

ND= undamaged strip 615 

𝑅𝑅�= probability to exceed the threshold 𝑎𝑎�  616 

Tnumber = month of reference  617 

𝑇𝑇� = time to exceed 𝑎𝑎� 618 

t* = time instant 619 

α; ρ = shape and scale parameters of Weibull distributions  620 

µ;σ = parameters of Lognormal distributions  621 

τ* = time of experimental measure (cycle) 622 

τ= time 623 

  624 
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Table and Figure Captions 625 
 626 
 627 
Table 1 Chemical composition of the cement 628 
 629 
Table 2 Prediction instant of crossing  𝑎𝑎�  with probability of occurrence equal to 20% and 60%. 630 
 631 
Table 3 Prediction instant of crossing 𝑎𝑎�  with probability of occurrence equal to 20% and 60%. 632 
 633 
 634 
 635 
 636 
 637 




