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Abstract 11 

Probability-based limit state design is a hallmark of modern civil engineering practice. Code 12 

requirements to meet both ultimate limit states (ULS) and serviceability limit states (SLS) 13 

have vastly improved the safety and usefulness of concrete structures.  To meet increasing 14 

challenges of triple bottom line sustainability (covering social, environmental and economic 15 

aspects), a new class of design limit states are needed within code-based engineering design 16 

practice.  17 

 18 

A framework for sustainable design and management considering environmental impacts 19 

was earlier developed, and a multi-physics and multi-scale deterioration model for 20 

reinforced concrete affected by chloride-induced corrosion was established.  A simplified 21 
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case study is presented in which a reinforced concrete panel is exposed to a marine 22 

environment. The multi-physics deterioration model is used to determine the time until an 23 

engineering limit state (cracking due to reinforcement corrosion) is reached, and a design 24 

and maintenance optimization is performed with regard to sustainability (global warming 25 

potential footprint). 26 

 27 

Keywords: Sustainability, modeling (E), Durability (C), Concrete (E), Corrosion (C) 28 

 29 

1 Introduction 30 

 31 

Sustainability-focused innovation is required in the construction industry to meet future 32 

climate goals, e.g. [1-3]. To facilitate such innovation and allow for the sustainable design 33 

and management of concrete structures, both engineering (i.e. commonly used ultimate 34 

limit states (ULS) and serviceability limit states (SLS)) and sustainability limit states (i.e. 35 

maximum carbon footprint over a concrete structure’s operational service life) need to be 36 

considered [4].  37 

 38 

The European-funded DuraCrete project led to the formulation of a durability design 39 

framework resembling the probabilistic and factorial design approaches established for 40 

structural design [5]. This durability design framework was further developed and formalized 41 

in the fib Model Code for service life design [6] and the ISO standard 16204  [7]. 42 

 43 
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In addition to including the durability design guidelines given in [6], the updated fib Model 44 

Code for concrete structures 2010 (MC2010) [8] also provides design principles for 45 

sustainability1, including environmental impacts, social impacts, and aesthetics (see [8] 46 

Section 3.4), and suggests verification of sustainability metrics to be undertaken using 47 

rigorous life cycle assessment methods adhering to ISO 14040 [9] (see [8] Section 7.10). 48 

However, no specific guidelines or methodologies for undertaking the design are given in [8]. 49 

 50 

Complying with the intent of [8], a framework for sustainable design and management 51 

considering environmental impacts was, based on Lepech [10], proposed by Lepech et al.  52 

[11]. Using this framework for sustainability assessment and only considering engineering 53 

limit states at the materials level, Lepech et al. [12] illustrated the impact of the selected 54 

engineering limit state on the cumulative environmental impact of a single structure. Further 55 

exploring the role of material engineering limit states, Lepech [4] performed environmental 56 

impact minimization for 100,000 bridges over 100 years, which indicate a counter-intuitive 57 

sequence of different engineering SLS limit states to be optimal.  58 

 59 

Both studies [4, 12] were undertaken using simplified deterioration models for reinforced 60 

concrete (i.e. Fickian transport models and uniform steel corrosion according to Faraday’s 61 

Law). To allow for improved modeling of engineering limit states and thus improved 62 

assessment of sustainability, a multi-physics and multi-scale deterioration modeling 63 

framework for reinforced concrete affected by chloride-induced corrosion is being built [13]. 64 

                                                      
1 “Ability of a structure or structural element to contribute positively to the fulfilment of the present 
needs of humankind with respect to nature, society, economy and well-being, without compromising 
the ability of future generations to meet their needs in a similar manner.” [8]  



 4  
C:\Users\Geiker\Documents\Papers\2018\2018-J_MGE-et-al_CCR_Limit-states\CCR_Limit-states_Geiker-et-
al_2018Dec08_Text_Revision_2019-05-04_Fig-Tab.docx 
 

 65 

This paper illustrates the need for considering both traditional engineering and newly-66 

introduced sustainability limit states, and the importance of reliable and valid deterioration 67 

prediction models in support of sustainable design and maintenance of reinforced concrete 68 

structures.  A simplified case study is presented in which a reinforced concrete panel is 69 

exposed to a marine environment.  A multi-physics deterioration model is used to determine 70 

the time until an engineering limit state (cracking due to reinforcement corrosion) is 71 

reached, and a design and maintenance optimization is performed to select the best designs 72 

with regard to sustainability (global warming potential footprint). 73 

 74 

2 Limit States  75 

 76 

The concept of limit state design is applied in present codes like Eurocode [14], ISO 2394 77 

[15], and MC2010 [8] for performance-based design (or re-design) for serviceability and 78 

structural safety.  Within such design, the performance of the structure is assessed 79 

considering a set of limit states throughout the (design) service life (in CEN documents 80 

termed “(design) working life”) [8]. A limit state separates a desired state from the adverse 81 

state (failure) [8]. Depending on the limit state chosen, a specific limit state can refer to the 82 

performance of the entire structure, one or more structural members, or local regions of a 83 

structure [8].  84 

 85 
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In practical design, most limit states are described using simplified models for the load, s, 86 

and the resistance, r, of the structure. The difference between load and resistance provides 87 

a limit state function, g, and the failure is determined by [8] 88 

 89 

g = r-s ≤ 0      (1) 90 

 91 

An inherent part of selecting limit states is making a decision on the accepted failure 92 

probability, Pf, such that failure is increasingly rare for catastrophic or sudden failure modes; 93 

 94 

Pf = Prob {g ≤ 0}        (2) 95 

 96 

Thus, verification of design requires  97 

 98 

• Definition of the limit states 99 

• Identification of the required design service life and reliabilities 100 

• Models describing the load and the resistance 101 

• Model parameters and quantification of uncertainties.  102 

 103 

For design of new structures, verification of performance requirements with regard to 104 

serviceability (SLS) and safety (ULS) is currently performed without considering possible 105 

changes of resistance over time, and in parallel service life verification is undertaken to 106 

check that no adverse states associated with time-dependent degradation are developed.  107 

 108 
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2.1 Engineering Limit States 109 

 110 

As mentioned, according to [6] engineering limit states for reinforced concrete structures 111 

comprise Serviceability Limit States (SLS) and Ultimate Limit State (ULS).  However, this 112 

binary classification of limit states is changing to better incorporate uncertainty in both the 113 

definition of the limit state, and our ability to observe whether it has been exceeded. 114 

 115 

MC2010 [8] and coming fib reports are now grouping the limit states as ULS and SLS as they 116 

are traditionally used for structural design, while the limit states relevant for achieving a 117 

targeted service life are named "limit states associated to durability (or time dependent 118 

degradation)” (DLS) [16]. In some instances, this last group might overlap with SLS and ULS, 119 

but in the event “depassivation of the reinforcing steel” there is no obvious fit within either 120 

of the two traditional engineering limit state designations [16]. Moreover, ISO 2394 [15] 121 

introduces Condition Limit States (CLS) in addition to ULS and SLS. CLS covers: a) “an 122 

approximation to the real limit state that is either not well defined or difficult to calculate” 123 

(e.g. “use of depassivation as a limit state for durability)”, b) “local damage (including 124 

cracking) which can reduce the durability of the structure or affect the efficiency or 125 

appearance…”, or c) “additional limit state thresholds in case of continuous increasing loss of 126 

function”. DLS/CLS and SLS can be at the material and structural level as well as functional 127 

whereas ULS is at the structural level only.   128 

 129 

As mentioned earlier, verification of design requires, among others, identification of 130 

acceptable reliabilities. According to [6] the suggested failure probabilities for depassivation 131 
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is Pf = 10-1 (corresponding to a reliability index, β = 1.3) and for ULS (collapse) 10-4 ≥ Pf ≥ 10-6, 132 

depending on the consequences of failure (corresponding to 3.7 ≤ β ≤ 4.4). Reference is 133 

made to MC2010 [8] and ISO 2394 [15] for more detailed information on target failure 134 

probabilities.  135 

 136 

2.2 Sustainability Limit States 137 

 138 

Sustainability limit states in form of environmental impact targets or emission reduction 139 

goals have been proposed by numerous governments and policy-makers in order to achieve 140 

environmental sustainability on local, regional, and even global scales. These targets can 141 

take the form of reductions or absolute limits for each of 1 to dozens of environmental 142 

midpoint indicators, including global warming potential emissions, ozone depletion potential 143 

emissions, acidification potential emissions, particulate emissions, carcinogenic emissions, 144 

and many others.  145 

 146 

An example of one of these environmental impact targets has been proposed by the United 147 

Nations Intergovernmental Panel on Climate Change (IPCC), which has suggested reduction 148 

targets for global greenhouse gas (CO2-equivalent) emissions. Updated at the most recent 149 

climate summit in Paris (COP21), these emission reduction targets are based on a targeted 150 

global surface temperature rise of approximately 2°C [17], avoiding the greatest 151 

consequences of climate change and preventing irreparable damage to the biosphere.  As 152 

shown by Russell-Smith et al. [18] these global emission reduction targets can be scaled-153 

down to project-level reduction targets that form half of a sustainability limit state function; 154 
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the environmental “resistance”, r.  Measuring the life cycle footprint of a project using 155 

rigorous life cycle assessment methods adhering to ISO 14040 [9] according to [8], the 156 

“load”, s,  which is the second half of the sustainability limit state function, is calculated.  As 157 

shown in Equation (1), the difference between resistance and load is the limit state function. 158 

 159 

While accepted probabilities of failure for ultimate limit states (ULS) and serviceability limit 160 

states (SLS) are provided in standards and codes (e.g., [6]), there is no historical basis for 161 

selecting an appropriate probability of failure for a sustainability limit state. Based on a very 162 

simple model of accepted levels of annualized risk for deaths due to structural collapse by a 163 

major earthquake in Northern California and the annualized risk of deaths due to climate 164 

change (air pollution health impacts only), an acceptable probability of failure for not 165 

achieving sustainability targets (climate change goals) is approximately 12% [11]. While this 166 

number may seem high, it does not take into account a host of other health related impacts 167 

attributable to climate change, which would decrease the acceptable probability of failure. 168 

Among many other considerations, the increased uncertainty associated with climate 169 

change impacts in comparison to earthquake impacts is not accounted for. The impacts 170 

associated with earthquakes, while not predictable, are well known and can be estimated in 171 

aggregate. Very little is known about the true impact of climate change on human health, 172 

thus a greater level of uncertainty should be tied to such calculations. 173 

 174 

Moreover, numerous researchers in the field of risk assessment and analysis have cautioned 175 

against assigning a specific risk associated with climate change or other global or regional 176 

scale environmental problems [19].  Such approaches allow designers to forego an 177 
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understanding of the true consequences of their designs and focus on an uncertain design 178 

target.  Such researchers suggest focusing on reductions associated with reducing the risk of 179 

global environmental disaster rather than assessing a “safe” level of risk and then designing 180 

within those levels [19].  181 

 182 

Apart from environmental sustainability targets and limit states, social and economic targets 183 

and limit states should also be considered [20].  In many regards, economic limit states have 184 

long been considered explicitly or implicitly by trying to reduce the life cycle economic cost 185 

of a major structure.  This concept of life cycle cost consideration was first formalized by the 186 

US Department of Defense in 1971 [20]. The social impact metrics, targets, and associated 187 

limit states are a recent introduction into the design process [21].  Such metrics and 188 

reduction targets have been proposed and calculated using the US Environmental Protection 189 

Agency’s “Social Cost of Carbon” methodology, which considers the broad, long-term social 190 

impacts of climate change [21]. More locally, social impacts resulting from reinforced 191 

concrete infrastructure construction, maintenance, and replacement include time lost on 192 

congested urban highway networks, e.g. [22, 23].  193 

 194 

3 Design Approach 195 

 196 

As mentioned before, MC2010 [8] states principles for sustainability design, but gives no 197 

detailed guidelines.  Thus, we propose sustainable design and management of concrete 198 

structures to be undertaken using the multi-scale design and modeling framework within the 199 

“Sustainable Integrated Materials, Structures, Systems (SIMSS) Design Approach”, which was 200 
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proposed by Lepech [10]. This design approach is valid for any product. The application to 201 

reinforced concrete structures was exemplified in e.g. [12]. The approach is in Figure 1 202 

adopted to a single structure illustrating the impact of production, execution and operation 203 

(maintenance and loads). 204 

 205 

As part of the assessment of potential design and maintenance strategies, both engineering 206 

and sustainability limit states need to be considered.  For the determination of 207 

environmental emission reduction goals (e.g., global warming potential emission reductions 208 

as proposed by COP21), design for sustainability limit states may use a comparison of two 209 

potential design scenarios (a “status quo” and an “alternative”) as shown in Figure 2.  Using 210 

ISO 14040 [9] life cycle assessment methods considering each design’s full design service life, 211 

the lifetime quantity of emissions, such as CO2-eq, over the alternative design’s construction 212 

and repair can be probabilistically estimated for any time in the future.  Similarly, cumulative 213 

emissions envelope can be computed for the status quo construction and repair timeline. 214 

From these, the difference between the alternative and status quo emissions envelopes can 215 

be associated with a given level of confidence for actually realizing the reduction target.  216 

 217 

The probability of failing to meet a sustainability-focused goal by implementing the 218 

alternative design (viewed as the overlap between these two envelopes), Pf(t), over the life 219 

cycle is shown at the bottom of Figure 2a. This probability of failure for meeting 220 

environmental sustainability midpoint indicator reductions is computed using Equation 3. 221 

 222 
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 (3) 

 223 

where, Pf is the probability of not achieving the environmental midpoint indicator reduction, 224 

I0(tγ) is the cumulative impact of the status quo construction/repair strategy, IA(tγ) is the 225 

cumulative impact of the alternative construction/repair strategy, γ is the recommended 226 

reduction in environmental midpoint indicators recommended by policy (i.e., goal), and tγ is 227 

the future time at which the recommended reduction should be achieved. 228 

 229 

A “targeted” cumulative impact for the year a structure is functionally obsolete (tfo) can be 230 

created by shifting the distribution mean by the targeted reduction percentage (see Figure 231 

2b). If the shape and parameters of the cumulative impact of the alternate repair timeline in 232 

year tfo and the cumulative impact of the reduction target repair timeline in year tfo are 233 

known, this overlapped area can be computed analytically.  Otherwise, this probability of 234 

failure can be determined through Monte Carlo methods knowing the underlying data that 235 

comprise the distributions. For the case treated in [12], the time-dependent probability of 236 

failure of not meeting the 38 % reduction target in greenhouse gases from Year 2011 to Year 237 

2050 as set in the 2007 IPCC  guidelines for greenhouse gas emissions [17] was calculated to 238 

be 31%.  239 

 240 

4 Illustration of Concept; Impact Minimization of Façade Element  241 

 242 

As a simple case study of integrating advanced service life modeling of a reinforced concrete 243 

element with sustainability assessment, a precast steel reinforced concrete façade panel 244 

P f = P 
I 0 t γ ( ) − I A t γ ( ) 

I 0 t γ ( ) 
− γ t γ ( ) ≤ 0 

 

 

 
 

 

 

 
 
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positioned on the water-facing side of a waterfront office building was modeled. The 245 

objective of this model was to minimize the lifetime carbon footprint (CO2-equivalents) 246 

when considering the cost of fabrication, erection, maintenance (façade washing), and 247 

replacement of the façade panel. Here, we only consider the environmental sustainability 248 

metric of CO2-eq. since a) an absolute value for a sustainability target according to the 249 

Intergovernmental Panel on Climate Change (IPCC) [17]  would require identification of a 250 

specific site for this case study, and b) a reduction target would require a reference to the 251 

impact of a conventional building. Thus, we aim at selecting the best design with regard to 252 

the environmental sustainability metric considered. Indirectly a variety of parameters are 253 

affected by varying the cover thickness, e.g. potential distribution, mass transport, etc..This 254 

is taken into account by applying a multi-scale and multi-physics modeling of reinforcement 255 

corrosion (see Section 4.1). 256 

 257 

A software plug-in was coded that allows for geometric detailing of the steel-reinforced 258 

façade panel in Autodesk’s Revit suite, and automatic porting of the geometry, material 259 

properties, and environmental exposures into other analysis software packages. Adapting 260 

the methodology used by Wu et al. [24] a concrete panel with dimensions 1.0 m x 1.0 m x 261 

0.15 m was modeled.  The panel is reinforced with steel reinforcing bars with a diameter of 262 

13 mm spaced at 200 mm center-to-center. The reinforcement is modeled with a cover of 50 263 

mm.  The time-dependent exposure data in terms of relative humidity, temperature, and 264 

chloride concentration was applied.  265 

 266 
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4.1 Multi-Scale and Multi-Physics Modeling of Reinforcement Corrosion  267 

 268 

To model the transport of heat and mass through the concrete, depassivation of reinforcing 269 

steel, and the corrosion of steel reinforcement over time, a multi-physics and multi-scale 270 

model is used as illustrated in Figure 4 [13]. The model includes coupled physical, chemical, 271 

electrochemical, and fracture mechanical phenomena at the material scale, which are 272 

further coupled with mechanical deterioration models at the structural/component scale 273 

[13]. Ongoing work includes extension to full 3D modeling of structural performance and 274 

modeling of the impact of the steel-concrete characteristics and electrochemical potential 275 

on chloride thresholds, see e.g. [25].  276 

 277 

Coupled transport of heat and moisture, comprising both liquid and water vapor moisture 278 

transport, in porous media is modelled using Richard’s equation, while multi-ion species 279 

transport and the interaction of predominant ions in the pore solution with solid phases of 280 

hydrated Portland cement is modelled by means of the Poison-Nernst-Planck equation and a 281 

thermodynamic model, respectively. Boundary conditions for the coupled heat and mass 282 

transport include varying climatic boundary conditions such as e.g. chloride content, relative 283 

humidity, and temperature, which, among others, affect the thermodynamics and kinetics of 284 

reinforcement corrosion. For more detailed information on the implemented heat and 285 

moisture transport model see e.g. [26, 27] 286 

 287 

Depassivation of reinforcing steel and the corrosion of steel reinforcement over time is 288 

based on physical laws describing thermodynamics and kinetics of electrochemical processes 289 
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at the reinforcement surface. These processes include various reinforcement corrosion 290 

phenomena, such as activation, resistance, and concentration polarization, as well as the 291 

impact of temperature, relative humidity, and oxygen. Within the modelling approach, 292 

Laplace’s equation is used to describe the potential distribution in concrete assuming 293 

electrical charge conservation and isotropic conductivity, while Ohm’s law is used to 294 

determine the corrosion current density from the potential distribution and resistivity of the 295 

electrolyte. Kinetics of electrochemical processes are described by anodic and cathodic 296 

polarization curves, which comprise activation and concentration polarization. The 297 

electrochemical processes are thereby coupled with heat and mass transport mechanisms to 298 

account for the impact of temperature, relative humidity, and oxygen on the reinforcement 299 

corrosion process. To link initiation (i.e. the formation of anodic regions) and propagation of 300 

reinforcement corrosion, a conditional statement is defined for the critical chloride 301 

threshold along the reinforcement surface. For more detailed information on the applied 302 

modelling techniques reference is made to e.g. [13, 28] 303 

 304 

Corrosion-induced damage, such as deformations and cracking, are described by means of a 305 

thermal analogy to model the expansive nature of solid corrosion products. The developed 306 

fracture mechanics model accounts for the penetration of solid corrosion products into the 307 

available pore space of the surrounding cementitious material, as well as non-uniform 308 

distribution of corrosion products around the circumference of the reinforcement. Faraday´s 309 

law is used to relate the cross sectional reduction per time unit to the corrosion current 310 

density obtained by modelling thermodynamics and kinetics of electrochemical processes at 311 

the reinforcement surface. For more detailed information reference is made to e.g. [29-31]. 312 
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 313 

4.2 Results of Façade Element Impact Minimization 314 

 315 

To demonstrate how this type of modelling would be included in a sustainability assessment, 316 

performance of the panel was evaluated using the midpoint indicator CO
2
 equivalents 317 

(kgCO2-eq); i.e. neither social (e.g. accessibility) nor economic aspects of sustainability are 318 

included. The case is only used for illustration purposes; the actual applicability of façade 319 

washing as a mitigating measure should be verified.  320 

 321 

Given that a cover of 50 mm meets design code requirements on minimum cover 322 

thicknesses, it is assumed that all engineering limit states considered by the design code 323 

(ULS and SLS) are inherently met. With cover thicknesses less than 50 mm, however, 324 

preventive maintenance will be required to prevent premature chloride-induced corrosion 325 

leading to structural degradation. In this case the impact of removal of surface chlorides 326 

through surface washing from time to time on all the considered engineering limit states is 327 

assessed. While thinner concrete cover will reduce the material intensity of the panel by 328 

consuming less concrete, increasingly thinner cover will also lead to more often required 329 

recurrence of façade washing.  Following Lepech et al. [11], the average carbon footprint for 330 

production of 1 m3 of concrete in the case study is 185 kgCO2-eq. Also following Lepech et al. 331 

[11], the average carbon footprint of the assumed 150 L of water needed for each panel 332 

façade washing is 0.15 kgCO2-eq. As shown in Figure 4, an optimal range of designed cover 333 

thicknesses to minimize life cycle global warming potential emissions from this one panel 334 

can be calculated, r(t). When combined with a project-specific sustainability limit state for 335 
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global warming potential, s(t), a range of acceptable façade cover thicknesses, and their 336 

associated life cycle washing timeline, can be calculated.  337 

 338 

Following Russell-Smith et al. [18], project-specific targets for sustainability can be set based 339 

on local, regional, or global sustainability goals that are absolute or relative in nature. Such 340 

project specific targets serve as sustainability limit states, g, in Equation (1).  A life cycle 341 

target of 40 kg CO2-eq for each panel on the building façade would, for example, suggest a 342 

cover thickness between approximately 27 mm and 40 mm, with occasional façade washing 343 

to remove accumulated surface chloride. This would result in a sustainability load, s, in 344 

Equation (1), lower than the resistance, r. In this way, designers can use advanced 345 

deterioration modelling, life cycle assessment techniques, and science-based sustainability 346 

limit states to inform the design and life cycle management of sustainable reinforced 347 

concrete structures. 348 

 349 

5 Discussion 350 

 351 

As stated in the introduction, innovation supporting sustainability-focused design and 352 

management of structures is required of the construction industry, e.g. [1], [3].  In line with 353 

Hamming’s statement of the purpose of computing being insight, not merely numbers [32], 354 

W.F. Baker, Structural and Civil Engineering Partner at Skidmore, Owings & Merrill (SOM), 355 

and structural engineer for the Burj Kalifa, recently stressed that we need tools for exploring, 356 

inspiration and understanding possible design solutions; and that new tools lead to new 357 

solutions [33]. Led by P. MacLeamy, former chairman and CEO of HOK, a global design, 358 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjb6-X_gt7QAhVFqVQKHa_xAB4QFggbMAA&url=http%3A%2F%2Fwww.hok.com%2F&usg=AFQjCNH1E1vB7DTtGTWKqgObaD6wTl73WA&bvm=bv.139782543,d.cGw
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architecture, engineering and planning firm, in 2004 at the Construction Users Round Table 359 

first stressed the need for placing more effort into developing and testing design 360 

alternatives, and the cost benefits that can be derived from this shift in effort [34]. By 361 

shifting efforts forward in time the ability to optimize design and control costs increases 362 

rapidly, as earlier pointed out by De Sitter [35] in his “Law of Fives”. MacLeamy [34] 363 

advocates the use of a combination of Building Information Modeling (BIM), Building 364 

Assembly Modelling (BAM) and Building Operation Optimization Modeling (BOOM) to 365 

change the traditional effort curve. We see a large potential in combining BIM-BAM-BOOM 366 

with multi-physics and multi-scale deterioration models.  367 

 368 

This paper stresses the importance of reliable and valid multi-scale and multi-physics 369 

prediction models in support of sustainable design and management of reinforced concrete 370 

structures, the need for considering the whole life cycle of an engineered structure, and the 371 

increasing need to consider both engineering and sustainability limit states in practice. 372 

Efficient structures consume fewer resources in the design and construction phase; 373 

however, we also need to demonstrate that the design solution identified is indeed efficient 374 

and sustainable during the entire design service life. The iterative process used to 375 

accomplish this need is illustrated in Figure 1. 376 

 377 

Besides reliable and valid performance prediction models providing information on 378 

structural safety and a timeline for activities, the construction industry requires a decision 379 

support system providing sustainability assessment and cost estimates. 380 

 381 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjb6-X_gt7QAhVFqVQKHa_xAB4QFggbMAA&url=http%3A%2F%2Fwww.hok.com%2F&usg=AFQjCNH1E1vB7DTtGTWKqgObaD6wTl73WA&bvm=bv.139782543,d.cGw
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As illustrated in e.g. [12] the proposed framework can be used for assessment of whether or 382 

not a given alternative design and maintenance (here repair) complies with a sustainability 383 

limit state (here a CO2-equivalent emission reduction target). 384 

 385 

To quantify the sustainability of potential design and management solutions the 386 

construction industry needs reliable and valid time-dependent performance prediction 387 

models.  Such models must be a) mechanism based (i.e. multi-physics) and generic to 388 

capture the actual degradation mechanism of a suite of concrete compositions and exposure 389 

conditions, as well as b) multi-scale to allow for assessment of the time dependent structural 390 

performance considering variations in load, s, and the resistance, r, of the structure at both 391 

materials and structural scale.  392 

 393 

Models for predicting structural degradation due to reinforcement corrosion have received 394 

most attention. However, reliable and valid models for structural assessment of corroding 395 

structures are still lacking and the understanding of several topics is limited.  At the materials 396 

scale, models and quantified model parameters are needed for e.g. the long-term impact of 397 

crack, chloride thresholds for corrosion initiation, and the properties and distribution of 398 

corrosion products [25]. At the material and structural scale, models and data for changes 399 

due to sequential maintenance and repair, and the environmental exposure are required.   400 

 401 

Models of other deterioration mechanisms e.g. freeze thaw action and alkali silica reaction 402 

and especially combined models for multiple deterioration mechanisms acting 403 

simultaneously requires additional attention.  404 
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 405 

As mentioned in Section 2, verification of design requires not only models (and quantified 406 

model parameters for loads and resistance) and identification of limit states (and 407 

identification of required service life and reliabilities), but also quantification of 408 

uncertainties. Uncertainties to be considered are e.g. statistical, measurement, and model 409 

uncertainties, and uncertainties related to natural variability and new information [15]. We 410 

see a need for increased awareness of the various types of uncertainties and further 411 

quantification of their impact on the reliability of performance predictions. Also, to ensure 412 

that prediction models are not excessively conservative, these models must be validated 413 

against field performance data and we see the significance of collaboration of academia with 414 

consultants and owners. 415 

 416 

Considering these limitations and the limited validation of the prediction models, it is 417 

proposed to use sensor technology to support verification and updating of the models and 418 

to facilitate optimized management of the actual structures.  419 

 420 

Regarding sustainability quantification, future needs for model improvement include, among 421 

others, modeling of the economic and social components of sustainability.  As discussed 422 

earlier, these can take the form of direct impacts such as project life cycle cost 423 

considerations, or indirect impacts such as the impact of climate change on our global 424 

society.  By necessity, the creation of these models will require collaborative research 425 

involving engineers, economists, sociologists, political scientists, biologists, and 426 

climatologists, among many others.   427 
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 428 

6 Conclusions 429 

This paper links sustainability to service life modelling and stresses the importance of 430 

reliable and valid time-dependent performance prediction models in support of sustainable 431 

design and management of reinforced concrete structures and the need for considering the 432 

whole life cycle, and both engineering and sustainability limit states.  433 

 434 

Performance models must be a) mechanism based (i.e. multi-physics) and generic to capture 435 

the actual degradation mechanism of a suite of concrete compositions and exposure 436 

conditions, as well as b) multi-scale to allow for assessment of the time-dependent structural 437 

performance considering variations in load and the resistance of the structure at both 438 

materials and structural scale.  439 

 440 

Reliable and valid models for structural assessment are still lacking and we see the need for 441 

improved models for both the load and resistance at the materials and structural scale and 442 

increased awareness of the various types of uncertainties and further quantification of their 443 

impact on the reliability of performance predictions. To ensure that prediction models are 444 

not excessively conservative, prediction models must be validated against field performance 445 

data and we see the significance of collaboration of academia with consultants and owners. 446 

 447 
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Figures 454 

 455 

Figure 1 – Multi-scale design framework for “Sustainable Integrated Materials, Structures, 456 

Systems (SIMSS) Design Approach” adopted to a single structure. After [10]   457 
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a)  458 

b)  459 

Figure 2 – a) Probabilistic distributions of cumulative sustainability impact from construction 460 

(t0) to functional obsolescence (tfo) for status quo (higher envelope) and alternative repair 461 

strategy (lower envelope). Failure probability of not meeting reduction targets (Pf) is shown 462 

as a function of time. b) Cumulative impact distribution probability density functions in year 463 

tfo for the status quo repair strategy, the alternative repair strategy, and required reduction 464 

target. The probability that the cumulative impact of the alternate repair in year tfo is greater 465 

than the cumulative impact of the reduction target repair timeline in year tfo is marked black. 466 

After [4, 12]  467 

 468 
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 469 

Figure 3 - Multi-physics and multi-scale modeling model for deterioration of reinforced 470 

concrete, including coupled physical, chemical, electrochemical, and fracture mechanical 471 

phenomena models at the material scale, which are further coupled with mechanical 472 

deterioration models at the structural/component scale. After [13]  473 

  474 
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 475 

Figure 4 – Total global warming potential emissions for concrete façade panel case study as a 476 

function of concrete cover thickness considering both panel material production and lifecycle 477 

maintenance (façade washing). Note the limited scale on the abscissa.  478 

  479 
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