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Abstract 26 

 27 

Due to the increasing awareness and sensitivity towards the environmental and economic 28 
sustainability issues, the concrete industry has to deliver innovative solutions, in terms of materials, 29 
products and structural concepts, to achieve higher durability of engineering feats in real service 30 
scenarios. The inclusion of SuperAbsorbent Polymers (SAPs) into the concrete mix, can not only 31 
stimulate the autogenous crack healing, but is also able to reduce the shrinkage cracking through 32 
internal curing. In this paper, Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) analysis have been 33 
performed to assess both the ecological and economic profile, in real scale, of conventional reinforced 34 
concrete structures, made with concrete containing SAPs, in comparison to a reference solution 35 
without any addition. For this purpose, the corrosion of reinforcement has been regarded as the main 36 
degradation mechanism and different corrosion models have been considered and combined with the 37 
structural analysis principles to obtain reliable Service Life (SL) estimations. Four different scenarios, 38 
with a SL ranging from 50 up to 100 years, have been analyzed to assess the potential benefits of a 39 
wall, cast with SAP-containing concrete (Wall_SAP). Both Wall_SAP and a reference wall without SAP 40 
(Wall_Ref) are subjected to the concrete cover replacement as main maintenance activity while for 41 
the Wall_Ref also the crack filling by means of polyurethane resin is considered as an option 42 
(Wall_Resin). The adopted CML impact-assessment method, developed by the Center of 43 
Environmental Science of Leiden University, shows the advantage of using SAPs, since the 44 
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environmental burdens were reduced up to 20% in the case of Fresh Water Aquatic Ecotoxicity impact 45 
category in comparison to the reference for the fourth scenario. In this scenario a hemispherical 46 
corrosion pit model for the steel bars and a service life of 100 years were taken into account. 47 
Furthermore, the economic assessment developed for the same scenario, pointed out for the SAPs 48 
based solution, there identified as Wall_SAP_M2_100, a consistent reduction in terms of costs up to 49 
14% if compared to the reference, there named as Wall_Ref_M2_100. The outcomes definitely 50 
highlight the potential of the analyzed technology that can fulfil the future needs of the stakeholders 51 
involved in the construction sector.  52 

Keywords: LCA, LCC, Sustainability, Concrete, Self-Healing, SAPs 53 

1 Introduction 54 

 55 

Concrete is the most widely used construction material worldwide due to its structural characteristics, 56 

low cost, ease of production and casting procedures and endless shaping possibilities. However, 57 

according to the foreseen growth in its use, and as a part of the increasing awareness and 58 

consciousness for sustainability of the construction industry as a whole, its environmental and 59 

economic sustainability performance need to be addressed in a proper framework and from a holistic 60 

perspective (design-wise). The cement production itself yields about 800 kg of CO2 per ton of cement 61 

released into the atmosphere and uses large shares of non-renewable raw resources, including natural 62 

rocks and water (Meyer, 2009)(Federico and Chidiac, 2009). Additionally, considering the structural 63 

service scenario, concrete is generally characterized by a high cracking susceptibility, cracks 64 

representing a preferential ingress-path for harmful substances from outdoor environment, 65 

accelerating the corrosion process of the reinforcement and the related concrete degradation 66 

(Belleghem et al., 2017). As a matter of fact, concrete durability is a critical issue with environmental, 67 

economic and social impacts on society. The deterioration of concrete structures requires continuous 68 

maintenance and repairing activities, that generally imply the removal and the disposal of the damaged 69 

reinforcement and concrete, with the consequent need of new raw materials, energy and 70 

workmanship to restore the integrity and the pristine level of performance of the structure. Related 71 

expenditures also have to be taken into consideration. Recently researchers have been developing 72 

innovative materials that can represent a solution in this respect, taking advantage of specific 73 

mechanisms that ensure the self-repair of cracks upon occurrence, hence improving the durability of 74 

the structure (Liu et al., 2021)(Plank et al., 2015)(Craeye et al., 2011a)(Feiteira et al., 2016)(Gruyaert 75 

et al., 2016)(Pelto et al., 2017). As example of that, SuperAbsorbent Polymers (SAPs), blended into the 76 

concrete matrix, represent an interesting technology. SAPs are a natural or synthetic water-insoluble 77 

3D network of polymeric chains cross-linked by chemical or physical bonding. They possess the ability 78 

to take up a significant amount of fluids (up to 1500 times their own weight) (Mechtcherine and 79 

Reinhardt, 2012). The initial water uptake,  swelling, and the later gradual water release are of great 80 

interest in the development of more durable cementitious materials. Once in contact with the mixing 81 

water of the fresh cementitious matrix, SAPs absorb and retain a certain amount of the water 82 

(depending on their absorption capacity), later on acting as water reservoirs for the system, able to 83 

keep high levels of internal relative humidity for a considerable time frame. Because of that feature, 84 

over the past two decades, SAPs have been used  in cementitious materials for the purposes of internal 85 

curing to prevent shrinkage-cracking due to self-desiccation (Piérard et al., 2006)(Snoeck et al., 86 

2015)(Craeye et al., 2011b). Additionally, SAPs can promote the immediate sealing of cracks: upon 87 

cracking, the water that penetrates the cracks is generally absorbed by the SAPs that expand in volume, 88 

blocking the crack and preventing further entry of water and harmful substances (Snoeck et al., 2012). 89 



Then, in time, the captured water is released again stimulating the hydration of unhydrated binder 90 

materials (when present) resulting in  autogenous healing of the crack (Snoeck et al., 2014). 91 

Nevertheless, this kind of innovations usually face several barriers in their use, mainly due to the lack 92 

of information and to the possible higher initial investment cost. Hence, Life Cycle Assessment (LCA) 93 

and Life Cycle Cost (LCC) analysis are the tools to be adopted to lead design decisions throughout the 94 

entire design process. For a SAP-containing concrete, the use of 1 wt% by binder of SAP to favor the 95 

autogenous crack healing, together with 2 vol% of polypropylene microfibers, specifically employed to 96 

ensure a multiple cracking behavior in a concrete matrix based on Portland cement and including fly 97 

ash, silica sand, water and poly-carboxyl ether-based superplasticizer, was already investigated (Van 98 

den Heede et al., 2018). The work, selecting as functional unit (FU) a slab (5 m large, 1 m wide and  99 

0.17 m thick) with a service life of 100 years, highlighted that the investigated advanced cementitious 100 

composites allow to reduce around 60% the environmental impacts in comparison to Portland cement 101 

concrete solutions (Van den Heede et al., 2018). Despite the literature which is continuously growing 102 

in this field, the previous work still represents the only one that applied LCA to assess environmental 103 

impacts related to the use of SAPs on a large-scale structure. Therefore, the scope of this paper, is to 104 

further address the possible benefits from the environmental and the economical point of view. This 105 

was done developing also a Life Cycle Cost (LCC) analysis to assess the potential economic viability of 106 

these polymers, as “non-conventional” concrete constituents in a real structural service scenario. To 107 

this purpose, reference will be made to a case study consisting of two mock-up walls casted in Bruges 108 

(Belgium), intended to replicate a tunnel segment element, also to demonstrate and foster the 109 

feasibility of employing these advanced materials on a large scale industrial basis.  110 

 111 

2 Case study 112 

 113 

The case study consisted of two earth-retaining walls intended to replicate tunnel segment elements. 114 

Both “walls” are 14 m long, 2.75 m high and have a 0.80 m deep cross section. One of them, henceforth 115 

indicated as Wall_Ref, was produced with concrete C35/45 and reinforced on either side with 116 

horizontal Φ16 mm steel bars spaced at 96 mm and vertical Φ12 mm reinforcement bars spaced at 117 

140 mm. The second wall, denoted as Wall_SAP, was produced with concrete C30/37, containing the 118 

same amount of  vertical Φ12 steel bars with a reduced quantity of longitudinal Φ16 mm bars spaced 119 

at 107 mm instead of 96 mm as done for Wall_Ref. The reinforcement of both walls was designed to 120 

allow a maximum crack width of 300 µm. In fact, given the difference in the strength class and 121 

considering that the internal curing promoted by the SAPs could counteract the shrinkage-deformation 122 

and hence mitigate the restrained shrinkage-cracking, both walls have been designed expecting the 123 

same cracking pattern, even with a reduction in the reinforcement for Wall_SAP. Additionally, the walls 124 

were built on two foundation slabs casted at least three months prior to the walls and made with the 125 

same concrete of Wall_Ref. As it is possible to observe in Table 1, which details the two adopted mix 126 

designs, Wall_SAP contains a higher water-to-cement ratio since it includes both the effective mixing 127 

water and the entrained water in the SAPs. However, it is important to highlight that the entrained 128 

water in the SAPs is considered only for the purpose of internal curing, thus, it is also possible to affirm 129 

that both concrete mixtures have the same effective water-to-cement ratio. The walls have been cast 130 

in the framework of the iSAP project, in which innovative superabsorbent polymers were used for the 131 

production of smart concrete mixtures, designed to possess the features of internal curing, self-sealing 132 

and self-healing of cracks. It was shown that the thereby developed innovative SAPs added to the 133 

concrete mixture were even more efficient in crack mitigation than expected and no cracks were 134 

noticed over the complete monitoring period of 9 months (Tenório Filho et al., 2021a) differently from 135 



the reference structure where, as shown in Fig. 1, several cracks were already observed.  In previous 136 

laboratory experiments it was furthermore shown that this concrete mixture had the potential to 137 

reduce water permeability through cracks of up to 250 µm in width, and increase the resistance to salt-138 

scaling under frost attack with a limited reduction in the compressive strength (Tenório Filho et al., 139 

2021a)(Tenório Filho et al., 2020a)(Tenório Filho et al., 2020b)(Tenório Filho et al., 2019)(Tenório Filho 140 

et al., 2021b). 141 
  142 

 143 

 144 

Figure 1: Cracking pattern of the reference wall at the age of 30 days. Adapted from (Tenório Filho, 2021a) 145 

3 Concrete walls repair  146 

 147 

Nowadays, several methods are available to restore the functionality of damaged concrete structures, 148 

with a broad variety of materials and technologies to be used according to the occurred damage. 149 

However, it should be emphasized that the design phase of a given structure already takes into account 150 

the minimum “deemed to satisfy” requirements to ensure an adequate durability according to the 151 

boundary conditions. For instance, current codes and regulations, e.g. Eurocode 2 (CEN, 2005a), 152 

identify three measures to protect the steel reinforcement: limitation of the crack width, adequate 153 

concrete cover and appropriate concrete quality, achieved through minimum compressive strength 154 

and cement content, and maximum water-to-cement ratio.  Additionally, EN 1504 (CEN, 2005b) 155 

defines the procedures and the characteristics of the products to repair the concrete structures. The 156 

standard is divided into ten parts, where the ninth describes eleven principles in total, defining for 157 

each one a specific prevention or repair activity. These range from hydrophobic impregnation to 158 

control the humidity, casting of new concrete layers to restore the damaged sections, substitution of 159 

reinforcement bars or post-tensioning of the existing ones to ensure the stability of the structure, up 160 

 Wall_Ref 
[kg] 

Wall_SAP 
[kg] 

CEM III-B 42.5N 359.78 359.82 
Limestone 2/20 1,124.44 1,084.55 

Marine sand 0/4 782.22 744.55 

Superplasticizer Sika ViscoFlow-
26 

1.56 1.55 

Superplasticizer Tixo 2.42 2.42 
Water 
Commercial SAP  

114.44 
- 

137.45 
1.36 

Table 1: Wall_Ref and Wall_SAP mix design per 1 m3  



to the application of an electric potential to realize cathodic protection. Therefore, the commercially 161 

available materials that could be used for this purpose are various but, as easily understandable, each 162 

solution will result into different environmental impacts. This paper investigates the concrete cover 163 

replacement with the substitution of the damaged reinforcement bars as the main conventional 164 

technique to restore the functionality of Wall_Ref. This intervention would be needed from the 165 

moment when preferential penetration of chlorides or carbonation along the cracks will result into 166 

unacceptable damage to the reinforcement that would impair the structural stability. This choice is 167 

also supported by the work of Tilly and Jacobs (Tilly and Jacobs, 2007) who developed an international 168 

survey of which the results were already used in similar LCA researches (Van den Heede et al., 2018) 169 

highlighting that the concrete cover repairing technique had been used in 60% of the surveyed cases. 170 

Additionally, as these results could not be exhaustive, also polyurethane resin injection by pressure 171 

was assessed as repair technique for the purpose of this research, commonly applied in Belgium for 172 

repairing cracks occurring in tunnel elements. 173 

 174 

3.1 Concrete cover and reinforcement substitution  175 

According to the carbonation and chloride corrosion mechanisms, after the initiation time, the 176 

volumetric expansion of the corrosion products causes cracks along the concrete cover up to its 177 

spalling. Various experimental studies have been carried out to address the radial expansion of 178 

corroded reinforcement and its effects on concrete structures (Andrade et al., 1996)(Liu and 179 

Weyers,1998)(Clark and Saifullah, 1993)(Al-Sulaimani et al., 1990)(Rasheeduzzafar et al., 180 

1992)(Williamson and Clark, 2000). Generally, a common adopted technique to restore the 181 

functionality of a concrete structure, consists of the mechanical removal of the concrete cover, the 182 

substitution of the damaged reinforcement bars and the casting of a new concrete layer after a prior 183 

treatment with an epoxy-based product to ensure a better adhesion to the substrate. A key research 184 

focus, in view of the aforementioned discussion, is to determine when the reduced structural stability 185 

due to the reinforcement corrosion, will require the demolition of the concrete cover to replace the 186 

damaged bars for both Wall_Ref and Wall_SAP. The following sections better detail the approach here 187 

used, whose results are employed to define the 4 different scenarios in which the functional unit (FU) 188 

is assessed for the scope of this research. More specifically, while Scenario 1 and Scenario 2 assess a 189 

uniform corrosion propagation rate presented in 3.1.4, Scenario 3 and 4 take into account a more 190 

severe condition with a localized corrosion area as detailed in 3.1.5. Furthermore, Scenario 1 and 3 are 191 

limited to 50 years of SL, while Scenario 2 and 4 are aiming at 100 years. 192 

3.1.1 Structure stability  193 

Since the walls are comparable to earth-retaining walls designed for tunnel applications, it is possible 194 

to calculate the lateral earth pressure using the Coulomb theory as in Eq. [1]. 195 

𝑆 =
𝛾𝑡

2
× 𝐻2 × 𝑡𝑔2 (

90 − 𝜑

2
) Eq. [1] 

 196 

where, H is the height of the structure while 𝛾𝑡 and ϕ are the specific weight and the internal friction 197 

coefficient of a saline soil, assumed respectively equal to 18 kN/m3  and 35° according to the literature. 198 

As shown in Figure 3, a cantilever model was employed to design the structure and to calculate the 199 

bending moment action due to the soil thrust which has to be resisted through the moment resisting 200 

capacity of the wall base cross section. 201 



Figure 2: Three-dimensional view of the wall (on the left) and horizontal cross section (on the right) considered to calculate 202 
MRd 203 

 
Figure 3: Model used for calculations 

Therefore, using Eq. [1], it is possible to calculate, for a 1 m long strip of the wall, a total earth thrust 204 

equal to 18.44 kN/m applied at H/3, which corresponds to a bending moment equal to 16.90 kNm/m. 205 

The latter, was then amplified by a coefficient γG of 1.35 as per EN 1990:2002, with a resultant bending 206 

moment design value (MEd) equal to 22.82 kNm/m. Eq. [2] was then adopted to estimate the resistant 207 

moment MRd, equal to 212.9 kNm. According to the cross section of the wall presented in Figure 2, a 208 

value of 391.3 N/mm2 was used for the design yielding strength of steel 𝑓𝑦𝑑, calculated from the 209 

characteristic yield stress fyk of a B450C steel, while 791 mm2 and 764 mm were used for the tension 210 

reinforcement bar area As and the effective depth d, respectively.  211 

𝑀𝑟𝑑 = 0.9 ∙ 𝑓𝑦𝑑 ∙ 𝐴𝑆 ∙ 𝑑 Eq. [2] 

 212 

Since the wall is designed as part of a tunnel, the weight of the wall itself should also been taken into 213 

account for the MRd calculations. However, since for the considered 1 m long strip, it is equal to about 214 

55 kN/m (less than 1% of the axial load capacity of the base cross section), it can be regarded as 215 

negligible for the scope of this research, not significantly affecting the final results. 216 

Therefore, since it must be always verified that MEd < MRd, it is easily possible to calculate that the As 217 

value must be higher than 8483 mm2. This means that, as in one meter of the wall 7 Φ12 mm bars are 218 

located, assuming the same corrosion progress along the entire wall, each reinforcement bar cannot 219 

lose more than 89% of its cross-section. The reduced As values imply that the safety of the structure 220 

 
 

Mrd 



cannot be ensured any longer and specific repairing activities must be adopted to reinstate an 221 

acceptable As value.  222 

 223 

3.1.2 Corrosion initiation  224 

Before calculating how long it would take chloride-induced corrosion to affect the load bearing 225 

capacity of the structure, it is necessary to calculate the time the chloride ions will need to penetrate 226 

the concrete matrix and reach a critical concentration value at the cover depth, i.e. at the level of the 227 

most external surface of the reinforcement. To this purpose, the 2nd Fick law presented in Eq. [3] is 228 

generally employed. 229 

𝑥𝑐𝑟𝑖𝑡 =  2√3(𝑡 − 𝑡0) ∙  𝐷𝑎𝑝𝑝 ∙  [1 − √
(𝐶𝑐𝑟𝑖𝑡 −  𝐶𝐼)

𝐶𝑠 − 𝐶𝑖
] Eq. [3] 

 230 

Where xcrit is the critical chloride depth assumed equal to the concrete cover, Ci  is the initial chloride 231 

content of concrete equal to 0.20% by weight of cement according to EN 206 (CEN, 2016); Cs is the 232 

chloride concentration at the surface being 0.92% by weight of soil for the case of saline soil (Regione 233 

Emilia Romagna, 2011) and Ccrit  is the critical chloride concentration equal to  0.44% by weight of 234 

cement according to Alonso et al.  (Alonso and Sanchez, 2009) and based on field exposure tests 235 

developed for the specific purpose.  Dapp is the apparent chloride diffusion coefficient whose values, as 236 

better detailed in 3.1.3, may range from 10-10 m2/s to 10-12 m2/s. 237 

 238 

3.1.3 The incidence of Dapp values for both LCA and LCC calculations 239 

With regard to the Dapp value, the currently available literature does not give any detail about the effect 240 

of SAP addition. A value of 10-10 m2/s is generally reported for the case of cracked concrete while for 241 

the uncracked one, containing CEM I, a value one order of magnitude smaller could be used, equal to 242 

10-11 m2/s (Al-Obaidi et al., 2020)(Shafikhani and Chidiac, 2019)(Torres-Acosta et al., 2019)(Liu et al., 243 

2015). Additionally, since Wall_SAP contains CEM III/B, a theoretical correction factor of 0.2 according 244 

to (Coppola, 2007) allows to pass from 10-11 m2/s value to a resulting 10-12 m2/s (as the order of 245 

magnitude). According to this, an initiation time of almost 0 was calculated for the cracked Wall_Ref 246 

(corresponding to the wall itself prior to any other maintenance activity) using 10-10 m2/s. In contrast, 247 

a Dapp value equal to 10-12 m2/s has been used for Wall_Ref after having received the first maintenance 248 

activity and for Wall_SAP. This resulted into a corrosion initiation time of 13 years in total. This could 249 

be assumed, considering that no cracks were observed up to 9 months after casting for the Wall_SAP 250 

and no cracks are supposed for Wall_Ref after its restoration until when the chloride will reach the 251 

reinforcement surface causing the steel corrosion. These different initiation times clearly express the 252 

need to integrate the structural properties of a given structure into the LCA and LCC evaluations. As a 253 

matter of fact, different Dapp values lead to clearly different initiation times, passing from around 0 254 

years when assuming a value of 10-10 m2/s, through 1 year when using 10-11 m2/s up to 13 years in total 255 

with 10-12 m2/s. Therefore, since a longer initiation period corresponds to a more delayed corrosion of 256 

the steel bars with a resulting different frequency of the maintenance activities, the more precise the 257 

structural considerations will be, the more accurate the LCA and LCC will be. 258 

3.1.4 Corrosion propagation - rates from the literature 259 

When water and oxygen are present on the surface of the reinforcement, the corrosion occurs with a 260 

rate that could be expressed as penetration rate in µm/y. Some authors (Bertolini et al., 2004)  261 

distinguish among a negligible rate lower than 2 µm/year, a low rate between 2 and 5 µm/year, a 262 



Figure 5: Schematic representation of the hemispherical pit model as 
detailed in (Van Belleghem, 2018) 

moderate rate between 5 and 10 µm/year, an intermediate rate between 10 and 50 µm/year, a high 263 

rate between 50 and 100 µm/year and a very high rate above 100 µm/year. More specifically, for a 264 

concrete contaminated by chloride and subjected to 80-90% of relative humidity (RH), the closest 265 

assumption to the case studies of this research, the corrosion rate can vary from 10 µm/year up to 50 266 

µm/year (Bertolini et al., 2004). Therefore, taking into account the most severe condition equal to 50 267 

µm/year after the initiation period, it is possible to estimate a propagation time for a Φ12 mm rebar 268 

system as in Fig 4. 269 

 270 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Percentage of cross area reduction for Φ12 bars, assuming 50 µm/year, according to (Bertolini et al. 2004). 271 

 272 

3.1.5 Corrosion propagation – hemispherical pit calculation 273 

Differently from the previous case, that basically considers a uniform corrosion of the steel 274 
reinforcement, it is possible to assume that chloride induced corrosion is restricted to a very localized 275 
damage. This means that the mass (and volume) loss of steel is concentrated in a small zone (pit 276 
corrosion) that increases as the corrosion propagates in time, generating a volumetric mass loss of the 277 
steel, as shown in Figure 55. However, this still represents a simplified approach since the corrosion 278 
itself also implies the build-up of expansive corrosion products at the rebar surface with a consequent 279 
concrete cover cracking which will favor the ingress of further chlorides, here not taken into account. 280 
The volume and the area of the pit are calculated as stated by Van Belleghem (Van Belleghem, 2018), 281 
using the Eq. [4] and Eq.[5]. 282 
 283 
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𝐴𝑝𝑖𝑡 =  𝐴1 + 𝐴2 =  
𝑅2

2
∙ (𝛼 − sin 𝛼) +  

𝑟2

2
 ∙ (𝛽 − sin 𝛽) Eq. [4] 

𝑉𝑝𝑖𝑡 =  ∫ 𝐴𝑝𝑖𝑡 

𝑝

−𝑝

(𝜉) ∙ 𝑑𝜉 Eq. [5] 

Where: 
 

𝑟 =  √𝑝2 − 𝜉2 Eq. [6] 

𝑦 =
2𝑅2 − 𝑟2

2𝑅
 Eq. [7] 

𝛼 = 2 ∙ cos−1 (
𝑦

𝑅
) =  2 ∙ cos−1 (1 −

𝑟2

2𝑅2) Eq. [8] 

𝛼 = 2 ∙ cos−1 (
𝑦

𝑅
) =  2 ∙ cos−1 (1 −

𝑟2

2𝑅2) Eq. [9] 

 302 

With reference to a Φ12 mm bar, it is thus possible to calculate the area and the volume of a 303 
progressing pit (from 1 mm up to 12 mm) as in Table 2, from which the time necessary to develop the 304 
loss of a specific volume can be estimated (in years). According to (Van Belleghem, 2018), a loss of 305 
13.36 mm3 was estimated for a period of 20 weeks, and 0.58 mm3 per week from 20 weeks onwards. 306 
These results are obtained from an experimental campaign based on a fly ash containing concrete, 307 
with a water-to-binder (W/B) ratio of 0.41 and a fly ash-to-binder (FA/B) ratio of 15%. This mixture was 308 
designed to be a representative reference mixture for concrete in exposure class XS2, i.e. submerged 309 
reinforced concrete subject to corrosion initiated by chlorides. The specimens, with an approximate 310 
crack width of 300 µm, were exposed to a 33 g/L NaCl solution in order to simulate a chloride 311 
containing environment (sea water, typically) and adopting two exposure regimes. One of these 312 
consisted of a 3.5 day wet period followed by a 3.5 day dry period, for 26 weeks in total, while the 313 
second one was changed to a 1 day wet period followed by a 6 day dry period for a total of 44 weeks 314 
(Van Belleghem, 2018). 315 
 316 
 317 

p (mm) Vpit 

(mm3) 
Aloss 

(mm2) 
Aloss 

(%) 

Years to develop 
corrosion pit 

1 2.03 1.52 1 0.4 
2 15.71 5.84 5 0.5 
3 51.22 12.63 11 1.6 
4 117.13 21.54 19 3.8 
5 220.27 32.20 28 7.2 
6 365.66 44.22 39 12 
7 556.28 57.18 51 18.3 
8 792.78 70.59 62 26.1 
9 1073.01 83.88 74 35.3 
10 1391.16 96.33 85 45.8 
11 1735.81 106.87 95 57.2 
12 2083.11 113.10 100 68.7 

Table 2: Calculated area and volume of the hemispherical pit 



3.2 Crack filling by means of resin 318 

Since cracks affect the overall durability of a concrete structure, a repair solution could be to fill them 319 

with chemical resins (epoxy, acrylic and polyurethane) acting as an offset and stopping the ingress of 320 

the external agents  (SIKA, 2015). ACI 503R report identifies the resin injection as an efficient  method 321 

for crack repair in buildings, bridges, dams and other types of concrete structures (ACI, 1998) while 322 

several guidelines and methods of application are described in ACI 504R (ACI, 1997). Furthermore, 323 

thanks to their mechanical properties, the resins can be able to restore the structure stiffness (Araújo, 324 

2016)(Schmid, 2010) and, moreover, the polyurethane, expanding during the injection, guarantees 325 

strong adhesion to the concrete both in wet and dry cracks, ensuring the regain in impermeability. 326 

Therefore, one of the repairing techniques that this study analyzes, is the filling of the cracks by means 327 

of a pressure-injected polyurethane resin, since it is a commonly used method in Belgium and several 328 

countries worldwide. More specifically it was supposed to employ a commercial one-component 329 

polyurethane-based resin. As the technical specifications clarify, these kind of products are 330 

recommended to be injected at a pressure of 14 bar up to 200 bar. The product is pumped into the 331 

cracks by holes drilled at an angle of 45° distributed around the crack at a distance that, according to 332 

the specific situation, can vary from 150 mm up to 900 mm. A schematic representation of the 333 

procedure is reported in Figure 6.  Furthermore, according to what is stated in (Tilly and Jacobs, 2007) 334 

in which the concrete repair performances throughout the service life are assessed, it was assumed 335 

that around 90% of the cracks filling will fail in 25 years requiring further injections to restore the 336 

integrity of the structure.   337 

 338 

4 Life cycle assessment 339 

 340 

The LCA, according to ISO 14040-14044 (UNI, 2021a)(UNI, 2021b), consists of four steps: 1) definition 341 

of the goal and scope, 2) inventory analysis, 3) impact analysis and 4) interpretation. 342 

4.1 Definition of the goal and scope 343 

This study aims at quantifying the environmental and cost benefits of the SAP-based concrete solution 344 

in comparison to the traditional one. To this purpose, the authors have used a cradle-to-gate system 345 

boundary being aware that the best practice should include the “end-of-life” scenario extending the 346 

cradle-to-gate to a cradle-to-grave system boundary at least. However, considering that the analyzed 347 

Figure 6: Schematic representation of polyurethane resin injection 



composites are still under development and being aware of the lack of information regarding the  348 

disposal scenario or the recyclability option which is still under development (Snoeck et al., 2021), it is 349 

not possible to include the end-of-life phase. In fact, the presence of SAPs could imply a specific 350 

disposal specification for the entire structure, that is still unknown at the time of writing. Therefore, 351 

the goal of highlighting the possible environmental benefits of these innovative materials, is pursued 352 

taking into account the impacts referring to the production and use stages that correspond to the A1-353 

B7 stages indicated in EN 15804 (UNI, 2019) as reported in Table 3. 354 

Table 3: Life cycle stages for construction products – EN15804 355 

 356 

For the purpose of this research a Functional Unit (FU) corresponding to the wall itself was selected 357 

with a service life varying from 50 years up to 100 years according to four different scenarios. With 358 

regard to the reference structure, since several vertical cracks were already observed after 5 days; and 359 

after 1 month the cracks ranged from 50 up to 110 µm width and varying from 870 mm up to 1,880 360 

mm length (Tenório Filho et al., 2021a) , the two above-mentioned repairing activities were taken into 361 

account to restore its functionality. The first technique implies the demolition and the reconstruction 362 

of the concrete cover with the substitution of the damaged bars with a pre-treatment of the concrete 363 

cover substrate prior to the casting of the new layer. When the uniform corrosion propagation rate is 364 

taken into account, the associated impacts and costs are below indicated with Wall_Ref_M1_50 and 365 

Wall_Ref_M1_100 referring to 50 and 100 years of SL according to the specific scenario. When the 366 

hemispherical pit model is taken into account, then the associated environmental burdens and overall 367 

costs are indicated with Wall_Ref_M2_50 and Wall_Ref_M2_100 for 50 and 100 years of SL 368 

respectively. The second refurbishment option for the reference structure, consists of the injection by 369 

pressure of a polyurethane resin into the cracks, assuming that, as stated in 3.2,  after 25 years it is 370 

necessary to reiterate the activity for 90% of the cracks already filled in the past. The impacts 371 

associated to this second option are described in what is below indicated with Wall_Resin 50 and 372 

Wall_Resin 100 depending on the considered timeframe. With regard to the SAPs-based structure, it 373 

is supposed to be subjected to the same corrosion propagation models as the reference wall, but, since 374 

no cracks were observed up to 9 months, just the concrete cover reconstruction with the replacement 375 

of the damaged bars are taken into account. This, according to what was stated before, allows to 376 

restore the MRd values to the original ones obtaining an extension in terms of service life as shown by 377 

way of example in Fig. 7 for the case of Wall_SAP. 378 

 379 

 380 
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Figure 7: Representation of MRd as a function of time and its "upgrade" along the service life thanks to the retrofitting 
operations adopting the corrosion rate from the literature (on the left) and the hemispherical pit model (on the right) for 
the case of Wall_SAP. The increases in MRd correspond to the time when the repairing activities are carried out. 
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 392 

4.2 Life cycle inventories (LCI) 393 

4.2.1 Data source 394 

Ecoinvent 3.6 was used as data source for collecting the LCIs for all raw materials both for traditional 395 

and SAP-containing concrete. This was not difficult for most of the common constituents like 396 

sand/gravel/cement/water, but needed further and dedicated investigation for data referring to 397 

commercial products such as SAPs, epoxy resin and superplasticizers. About the latter, the existing 398 

libraries contain data only for plasticizers based on sulfonated melamine formaldehyde while in the 399 

concrete matrix a polycarboxylate-based one, was also used. Therefore, a modelled version by Agustí-400 

Juan et al. (Agustí-Juan et al., 2017) was used and reported in Table 4 in accordance to the 401 

Environmental Product Declaration (EPD) of the product (European Federation of Concrete admixtures 402 

Associations Ltd, 2019).  403 

 404 

 405 

The SAP was modeled as a commercially available synthetic polymer, made of acrylamide and sodium 406 
acrylate (Table 5). As the exact composition is confidential, some assumptions, based on the existing 407 
literature, had to be made to model its LCI. The employed SAP was considered as a 30% anionic 408 
synthetic polymer, made of acrylamide and sodium acrylate. This implies that 30 mol% of the 409 
monomers incorporated in the SAP are negatively charged while the remaining ones are divided into 410 
60 mol% acrylamide and 10 mol% crosslinker (that, for the polymerization purpose, could be 411 

Materials/fuels Amount Unit 

Chemical, organic (GLO)| market for |  APOS,U 0.167 kg 

Formaldehyde (GLO) | market for |  APOS,U 0.038 kg 

Sodium hydroxide, without water, in 50% solution state (GLO) | market for |  
APOS,U 

0.137 kg 

Sulfuric acid (GLO) | market for |  APOS,U 0.162 kg 

Water, completely softened, from decarbonised water, at user (GLO)| market for 
|  APOS,U 

0.496 kg 

Table 4: LCI used for the polycarboxylate-based plasticizer 



methylene bisacrylamide). Then, using 71.08 g/mol, 94.04 g/mol and 154.17 g/mol as molar masses 412 
for acrylamide, sodium acylate and crosslinker respectively, the mol-% were calculated into mass-%. 413 
 414 
Table 5 : SAP_acrylamide / sodium acrylate LCI 415 

 416 
Furthermore, as can be observed in Table 5, due to the lack of data regarding the methylene 417 

bisacrylamide as crosslinker, polyacrylamide (the most similar one from a chemical point of view) was 418 

used for the specific purpose. This assumption is based on the fact that polyacrylamide is a polymer 419 

resulting from acrylamide polymerization while methylene bisacrylamide is chemically similar to the 420 

acrylamide monomer. Additionally, 2 kg of water were assumed as necessary during the 421 

polymerization phase while for the energy consumptions values the ones stated by Van Den Heede et 422 

al., for the synthetic acrylic acid + acrylamide based SAP, have been adopted (Van den Heede et al., 423 

2018). Here, the ones referred to the heating process, typically required to initiate the polymerization 424 

in case a thermal photo-initiator is used, were excluded since this was not the case. With reference to 425 

the concrete manufacturing, as already done by Van den Heede et al., also the impacts referring to the 426 

production process at a ready-mix concrete plant have been incorporated. The existing Ecoinvent LCI 427 

for concrete mixing (Concrete, normal {CH}| unreinforced concrete production, with cement CEM II/A 428 

| APOS, U’) was used after a slight modification. In fact, removing ‘Gravel, round {CH}| market for 429 

gravel, round | APOS, U’, ‘Cement, alternative constituents 6-20% {CH}| market for | APOS, U’ and 430 

‘Tap water {CH}| market for | APOS, U’ from the existing LCI, it was possible to obtain the specific 431 

inventory referring to the act of concrete mixing on an industrial scale. No inventory data were readily 432 

available in Ecoinvent 3.6 for the acrylate; for this reason, as shown in Table 6, the LCI adopted by 433 

Gontia and Janssen (Gontia and Janssen, 2016) for the sodium poly(acrylate), excluding the ammonium 434 

persulfate and sodium hydroxide, was used. The former is the initiator for the polymerization and does 435 

not play a role in the production of the acrylate monomer as such. With regard to consumption of 436 

electricity, the same value was assumed as for acrylamide, due to the fact that the production process 437 

requires approximately the same amount of energy. 438 

Known outputs to technosphere Amount Unit 

SAP_ acrylamide / sodium acrylate  1 kg 

Known inputs from technosphere Amount Unit 

Polyacrylamide {GLO}|market for|APOS,U  0.326 kg 

Acrylate  0.494 kg 

Ammonium persulfate (as modeled after Gontia & Janssen) 0.004 kg 

Polyacrylamide {GLO}|market for|APOS,U (adopted as crosslinker) 0.178 kg 

Water, deionised, from tap water, at user {GLO}| market for | 
Alloc Def, U 

2 kg 

Electricity, medium voltage {BE}|market for|APOS,U 
(for stirring) 

0.001 kWh 

Electricity, medium voltage {BE}|market for|APOS,U 
(for flushing) 

0.094 kWh 

Electricity, medium voltage {BE}|market for|APOS,U 
(for drying) 

4.138 kWh 

Electricity, medium voltage {BE}|market for|APOS,U 
(for grinding) 

0.016 kWh 



Table 6: Acrylate LCI 439 

 440 
About the polyurethane resin injection, the EPD (FEICA - Association of the European Adhesive and 441 

Sealant Industry, 2015a) of a commercial product, already provides the CML_IA impacts values 442 

referred to the production process. These impacts, scaled on the basis of the quantity of the included 443 

product, were simply added to the ones referring to Wall_Resin construction itself. Anyway, since they 444 

were not exhaustive enough, it was necessary to estimate the impact of the whole injection process 445 

too. To do this, the use of a rotary hammer with a 850 W of power to drill the holes and an equipment 446 

for the injection by pressure with 750 W power to pump the product were considered. As the time 447 

needed to complete the process can vary according to the boundary conditions, a time of around 1 448 

hour to drill all the holes and of 8 hours to fill the cracks was roughly estimated. Therefore  0,972 kWh 449 

and 6 kWh of the Ecoinvent data “Electricity, medium voltage {BE}| market for | Alloc Def, U” have 450 

been respectively used to estimate the act of drilling and the resin injection. Regarding the 451 

replacement of the damaged reinforcement bars with the concrete cover substitution, the concrete 452 

substrate is usually treated with specific epoxy adhesives to ensure a good adhesion of the new cover. 453 

For this scope, a commercial product was considered of which the associated impacts, starting from 454 

the preparation of a perfectly clean and solid substrate until its on-site installation, were deduced from 455 

its EPD (FEICA - Association of the European Adhesive and Sealant Industry, 2015b) and scaled on the 456 

basis of the quantity of the necessary product and added to the ones referring to Wall_Ref. As possible 457 

to observe in this paragraph and in Table 4, Table 5 and Table 6, for all the data taken from the 458 

Ecoinvent library, the model named Allocation at the Point Of Substitution (APOS) has been chosen. 459 

This in order to valorize the potential recycling and the reuse possibilities of a product due to the partial 460 

allocation of impacts. 461 

4.3 Impact analysis  462 

 463 

  The environmental footprint of the FU has been calculated using the CML-IA impact method, 464 

representing an update of the CML 2 baseline 2000 method, which was released by the Center of 465 

Environmental Science (CML) of Leiden University in 2013. It gives a general overview of 10 impact 466 

indicators in total: global warming (GWP); acidification (AP); ozone depletion (ODP); photochemical 467 

oxidation (POCP); eutrophication (EP); abiotic depletion potential (ADP); human toxicity potential 468 

(HTP); freshwater aquatic ecotoxicity potential (FAETP); marine aquatic ecotoxicity (MAETP) and 469 

terrestrial ecotoxicity potential (TETP). The entire analysis was developed using the software SimaPro. 470 

4.4 Impacts calculation and interpretation 471 

The different conditions in which the FU is assessed are below better described and discussed. 472 

Furthermore, in each scenario, which only takes into account the concrete cover reconstruction and 473 

the replacement of the damaged steel bars, the related environmental impacts are compared to the 474 

Known outputs to technosphere Amount Unit 

Acrylate 1 kg 

Known inputs from technosphere Amount Unit 

Acrylic acid {GLO}| market for |  APOS,U 0.782 kg 

Electricity, medium voltage {BE}| market for |  APOS,U 7.830 MJ 

Water, deionised, from tap water, at user {GLO}| market for | 
APOS,U 

1.753 kg 

Emissions to water Amount Unit 

Water  1.953 kg 



impacts of the scenarios with the epoxy resin injection. The latter scenarios include more specifically 475 

Wall_Resin_50 and Wall_Resin_100 depending on the considered timeframe of 50 years or 100 years 476 

respectively. With regard to the frequency of the resin injections, according to section 3.2, two 477 

reiterations were taken into account for Wall_Resin_50 while 4 were considered for Wall_Resin_100. 478 

The frequency of the maintenance activities are estimated as better detailed in sections 4.4.1 to  4.4.4 479 

and summarized in Table 7.   480 

4.4.1 Scenario 1 481 

The first scenario is limited to 50 years of service life. As described in 3.1.1, the structural stability is 482 

compromised when the tension bars lose 89% of their cross-section but it is reasonably considered 483 

that the maintenance works are carried out already when the bar loses 20% of its cross-section. This 484 

is in line with what is considered in studies like the one by Zhang et al.(Zhang et al., 2021) in which it is 485 

outlined that when the corrosion loss exceeds 15% it causes a critical concrete damage able to affect 486 

shear behavior of reinforced concrete beams. Also in (Noh et al., 2018), assessing the case of a beam 487 

of which the reinforcement is subjected to different corrosion scenarios, it is stated that 20% degree 488 

of corrosion causes significant reduction in terms of strength capacity. In this scenario, to calculate the 489 

frequency of these activities, the corrosion rate described in 3.1.4 and Fig. 4 was used. For the case of 490 

the reference solution, in this scenario identified as Wall_Ref_M1_50, the first repairing activities are 491 

estimated to be developed after 25 years, including the initiation period which is almost equal to 0 for 492 

the case of cracked concrete. Then, since the new concrete cover is supposed to be un-cracked, an 493 

initiation period of 13 years was added to the remaining time to lose 20% of the cross section (again, 494 

25 years). With regard to the SAPs-based structure, for this case indicated as Wall_SAP_M1_50, a 495 

calculated period of 13 years and 25 years were used for the initiation and propagation respectively. 496 

According to this, for scenario 1, only one repairing activity is taken into consideration for both 497 

Wall_Ref_M1_50 and Wall_SAP_M1_50.. 498 

4.4.2 Scenario 2 499 

The second scenario considers the same corrosion rate as before but extending the service life up to 500 

100 years. The initiation and propagation times are the same as for Scenario 1 with a resulting 501 

reiteration for the maintenance activity of 3 and 2 times for the reference structure and the SAPs based 502 

one, represented by Wall_Ref_M1_100 and Wall_SAP_M1_100 respectively.  503 

4.4.3 Scenario 3 504 

In the third scenario, the selected FU is analyzed in a timeframe of 50 years but using the corrosion 505 

model described in 3.1.5. As above, considering the necessity to carry out maintenance activities 506 

when the steel bars lose 20% of their cross-section, a corrosion pit equal to 4 mm according to the 507 

values reported in Table 2  was taken into account. Therefore, considering that the initiation periods 508 

will remain the same as for Scenario 1 and 2, assuming a propagation time equal to 3.8 years, in this 509 

scenario are taken into consideration 3 and 2 maintenance activities for the reference and the SAPs-510 

based solution respectively, here indicated as Wall_Ref_M2_50 and Wall_SAP_M2_50 respectively.  511 

4.4.4 Scenario 4 512 

The final scenario adopts the same hemispherical pit model as before within a service life of 100 years. 513 

This framework allows to better highlight the enhanced eco-performances of the SAP technology in 514 

comparison to conventional solution. Here, according to what was stated above, seven and five 515 

maintenance activities are taken into account for Wall_Ref_M2_100 and Wall_SAP_M2_100 516 

respectively.  517 

 518 



Table 7: Summary of the maintenance activities 519 

 

Nr. of epoxy 

resin 

injections 

Adopted corrosion 

model 

Initiation 

time 
Propagation time 

Nr. of concrete 

cover 

reconstruction 

and rebars 

substitution 

Wall_Resin 50 2 - - - - 

Wall_Resin 100 4 - - - - 

Wall_Ref_M1_50 - 50 µm/year 

0 (if 

cracked) 

or 13 

years (if 

uncracked) 

25 years 1  

Wall_Ref_M1_100 - 50 µm/year As above 25 years 3 

Wall_Ref_M2_50 - Hemispherical pit model As Above 3.8  years 3 

Wall_Ref_M2_100 - Hemispherical pit model As above 3.8  years 7 

Wall_SAP_M1_50 - 50 µm/year 13 years 25 years 1 

Wall_SAP_M1_100 - 50 µm/year As above 25 years 2 

Wall_SAP_M2_50 - Hemispherical pit model As Above 3.8  years 2 

Wall_SAP_M2_100 - Hemispherical pit model As above 3.8  years 5 

      

4.5 LIFE CYCLE COST  520 

 521 

The European Community, already in 2008, defined the concept of Green Public Procurement (GPP) as 522 

a voluntary instrument used by the authorities to procure goods, services and works with reduced 523 

environmental impacts. Its use should lead the industry to develop green technologies and products. 524 

In this framework, the importance of the cost assessment is based on a product life-cycle. In relation 525 

to the civil sector this means that the construction price just represents one element of the entire 526 

estimation, since also the hidden costs related to the maintenance activities can be relevant. 527 

Therefore, the Life Cycle Cost (LCC) was here used to better state the potential of the investigated 528 

advanced concrete materials determining the potential cost-effectiveness throughout the entire 529 

service life. Since much information was lacking, part of this work consisted of a market survey to 530 

collect the necessary data. In fact, except for the cost of SAPs, already outlined by Snoeck (Snoeck, 531 

2015), “casting of concrete C 35/45”, “casting of concrete C30/37” and “supply and installation of 532 

rebars” rates were obtained from company perspectives. For the remaining ones, as no further bill of 533 

quantities (BoQ) were found for the Belgium construction market, after verifying that the above-534 

mentioned rates were comparable to the Italian ones, they were obtained from the Italian construction 535 

costs list (Provveditorato interregionale per la Lombardia e l'Emilia Romagna, 2021). Additionally, since 536 

the maintenance activities will be developed in the future, it has been necessary to adopt the principle 537 

suggested by EN 16627:2015 (UNI, 2015) to calculate the value today for an economic transaction in 538 

the future by using a discount factor as the following equation indicates: 539 

𝑪𝑭(𝑻)=𝟏/(𝟏+𝒓)T             Eq.  [10] 540 



 541 
where r is the annual real discount rate and T is the number of future years. The annual real discount 542 

rate, which has to be determined through a sensitivity analysis on at least two different rates, one of 543 

which shall be 3% expressed in real terms according to the EN 16627:2015 (UNI, 2015) and to the 544 

Commission Delegated Regulation n°244/2012 of 16 January 2012 (Commission Delegated Regulation, 545 

2012), is then assumed equal to 3% according to (Caruso et. Al, 2020). Therefore, all the rates referred 546 

to maintenance activities to be developed in the future have been actualized according to Eq. 10, 547 

assuming a variable T value, up to 100 years. 548 

 549 

 Table 8: Wall_REF construction costs. Note: here refurbishment works are not included 550 

 551 

Table 9: Wall_SAP construction costs. Note: here refurbishment works are not included 552 

 553 

Table 10: Wall_Resin 50 construction costs. Rates marked with “*” are calculated according to the discount factor 554 
depending on when the maintenance activity will be carried out. 555 

Wall_Ref   

Work Rate per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.29 

Supply and installation of rebars 0.95 1,933 kg 1,836.35 

Formworks up to 4 m of height 35.95 77 m2 2,768.15 

 sum 6,971.80 

unexpected costs (10%) 697.18 

TOTAL 7,669.00 

Wall_SAP   

Work Rate per 
unit  (€) 

quantity unit Amount (€) 

Casting of concrete C 30/37 75.00 30.08 m3 2,256.00 

Supply and installation of rebars  0.95 1,800 kg 1,710.00 

Formworks up to 4 m of height 35.95 77.00 m2 2,768.15 

Commercial SAP 10.00 40.9 kg 409.00 

 sum 7,143.15 

unexpected costs (10%) 714.32 

TOTAL 7,857.00 

Wall_Resin 50 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.30 

Supply and installation of rebars  0.95 1,933 kg 1,836.35 

Formworks up to 4 m of height 35.95 77 m2 2,768.15 

Polyurethane resin injection by pressure 240.00 11.03 m 2,647.20 

Extra polyurethane resin injection by  
pressure* 

variable* 9.97 m 1,1142.81 

 sum 10,761.81 

unexpected costs (10%)   1,076.18 



 556 

Table 11:  Wall_Resin 100 construction costs. Rates marked with “*” are calculated according to the discount factor 557 
depending on when the maintenance activity will be carried out. 558 

 559 

Table 12: Wall_SAP  with concrete cover reconstruction and steel rebars substitution, Scenario 1. Rates marked with “*” are 560 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 561 

 562 

Table 13: Wall_SAP  with concrete cover reconstruction and steel rebars substitution, Scenario 2. Rates marked with “*” are 563 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 564 

TOTAL  11,838.00 

Wall_Resin 100 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.30 

Supply and installation of rebars  0.95 1,933 kg 1,836.35 

Formworks up to 4 m of height 35.95 77 m2 2,768.15 

Polyurethane resin injection by pressure 240.00 11.03 m 2,647.20 

Extra polyurethane resin injection by  
pressure 

variable* 28.91 m 1,949.31 

 sum 11,568.31 

unexpected costs (10%)   1,156.31 

TOTAL 12,725.00 

Wall_SAP_M1_50 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 30/37 75.00 30.08 m3 2,256.00 

Supply and installation of rebars  0.95 1,800 kg 1,710.00 

Formworks  35.95 77.00 m2 2,768.15 

Commercial SAP 10.00 40.9 kg 409.00 

Extra commercial SAP variable* 1.56 in total kg 5.07 

Extra Formworks* variable* 38.5 in total m2 450.14 

Demolition of damaged concrete* variable* 1.15 in total m3 28.05 

Transport of waste material to landfill* variable* 1.15 in total m3 17.80 

Extra concrete casting* variable* 1.15 in total m3 28.05 

 sum 7,672.26 

unexpected costs (10%) 767.23 

TOTAL 8,439.00 

Wall_SAP_M1_100 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 30/37 75.00 30.08 m3 2,256.00 

Supply and installation of rebars  0.95 1,800 kg 1,710.00 

Formworks  35.95 77.00 m2 2,768.15 

Commercial SAP 10.00 40.9 kg 409.00 



 565 

Table 14: Wall_SAP  with concrete cover reconstruction and steel rebars substitution, Scenario 3. Rates marked with “*” are 566 
calculated according to the discount factor depending on when the maintenance activity will be carried out 567 

 568 

Table 15: Wall_SAP  with concrete cover reconstruction and steel rebars substitution, Scenario 4. Rates marked with “*” are 569 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 570 

Extra commercial SAP variable* 3.12 in total kg 6.72 

Extra Formworks* variable* 77 in total m2 596.53 

Demolition of damaged concrete* variable* 2.30 in total m3 37.17 

Transport of waste material to landfill* variable* 2.30 in total m3 23.59 

Extra concrete casting* variable* 2.30 in total m3 37.17 

 sum 7,844.34 

unexpected costs (10%) 784.43 

TOTAL 8,629.00 

Wall_SAP_M2_50 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 30/37 75.00 30.08 m3 2,256.00 

Supply and installation of rebars  0.95 1,800 kg 1,710.00 

Formworks  35.95 77.00 m2 2,768.15 

Commercial SAP 10.00 40.9 kg 409.00 

Extra commercial SAP variable* 3.12 in total kg 6.72 

Extra Formworks* variable* 77 in total m2 1,355.01 

Demolition of damaged concrete* variable* 2.30 in total m3 84.43 

Transport of waste material to landfill* variable* 2.30 in total m3 53.57 

Extra concrete casting* variable* 2.30 in total m3 84.43 

 sum 8,735.89 

unexpected costs (10%) 873.59 

TOTAL 9,609.00 

Wall_SAP_M2_100 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 30/37 75.00 30.08 m3 2,256.00 

Supply and installation of rebars  0.95 1,800 kg 1,710.00 

Formworks  35.95 77.00 m2 2,768.15 

Commercial SAP 10.00 40.9 kg 409.00 

Extra commercial SAP variable* 10.92  in total kg 22.21 

Extra Formworks* variable* 269.50 in total m2 1,972.47 

Demolition of damaged concrete* variable* 8.05 in total m3 122.92 

Transport of waste material to landfill* variable* 8.05 in total m3 77.99 

Extra concrete casting* variable* 8.05 in total m3 122.92 

 sum 9,461,66 

unexpected costs (10%) 946.17 

TOTAL 10,408.00 



 571 

Table 16: Wall_ref  with concrete cover reconstruction and steel rebars substitution, Scenario 1. Rates marked with “*” are 572 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 573 

 574 

Table 17: Wall_Ref  with concrete cover reconstruction and steel rebars substitution, Scenario 2. Rates marked with “*” are 575 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 576 

Wall_Ref_M1_50 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.29 

Supply and installation of rebars  0.95 1,933 kg 1,836.35 

Extra rebars supply and installation* variable* 244.2 in total kg 110.80 

Formworks  35.95 77 m2 2,768.15 

Extra Formworks* variable* 38.5 in total m2 661,04 

Demolition of damaged concrete* variable* 1.15 in total m3 43,41 

Transport of waste material to landfill* variable* 1.15 in total m3 26.25 

Extra concrete casting* variable* 1.15 in total m3 43.41 

sum 7,856.72 

unexpected costs (10%) 785,67 

TOTAL 8,642.00 

Wall_Ref_M1_100 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.29 

Supply and installation of rebars  0.95 1,933 kg 1,836.35 

Extra rebars supply and installation* variable* 732.6 in total kg 158.55 

Formworks  35.95 77 m2 2,768.15 

Extra Formworks* variable* 115.5 in total m2 945.95 

Demolition of damaged concrete* variable* 3.45 in total m3 61.68 

Transport of waste material to landfill* variable* 3.45 in total m3 37.40 

Extra concrete casting* Variable* 3.45 in total m3 61.68 

 sum 8,237.42 

unexpected costs (10%) 823.74 

TOTAL 9,061.00 



Table 18: Wall_Ref  with concrete cover reconstruction and steel rebars substitution, Scenario 3. Rates marked with “*” are 577 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 578 

 579 

Table 59: Wall_Ref  with concrete cover reconstruction and steel rebars substitution, Scenario 4. Rates marked with “*” are 580 
calculated according to the discount factor depending on when the maintenance activity will be carried out. 581 

 582 

 583 

5 Results and discussion 584 

The 4 different scenarios detailed in sections 4.4.1, 4.4.2, 4.4.3 and 4.4.3 lead to obtain different results 585 

in terms of environmental and cost impacts. With regard to scenario 1, as shown in Fig. 8 the impacts 586 

Wall_Ref_M2_50 

Work Rate  per 
unit (€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.29 

Supply and installation of rebars  0.95 1,933 kg 1,836.35 

Extra rebars supply and installation* variable* 732.6 in total  410.33 

Formworks  35.95 77 m2 2,768.15 

Extra Formworks* variable* 115.5 in total m2 2,448.07 

Demolition of damaged concrete* variable* 3.45 in total m3 160.08 

Transport of waste material to 
landfill* 

variable* 3.45 in total m3 96.80 

Extra concrete casting* variable* 3.45 in total m3 160.08 

 sum 10,247.16 

unexpected costs (10%)    1,024.72 

TOTAL    11,272.00 

Wall_Ref_M2_100 

Work Rate  
per unit 
(€) 

quantity unit Amount (€) 

Casting of concrete C 35/45 78.70 30.08 m3 2,367.29 

Supply and installation of rebars  0.95 1,933 kg 1,836.35 

Extra rebars supply and installation* variable
* 

1,465.2 in total kg 502.83 

Formworks  35.95 77 m2 2,768.15 

Extra Formworks* variable
* 

192.5  in total m2 2,999.93 

Demolition of damaged concrete* variable
* 

5.75 in total m3 196.17 

Transport of waste material to 
landfill* 

variable
* 

5.75 in total m3 118.62 

Extra concrete casting*  variable
* 

5.75 in total m3 196.17 

 sum 10,985.51 

unexpected costs (10%) 1,098.55 

TOTAL 12,084.00 



reduction between Wall_SAP_M1_50 and Wall_Ref_M1_50 is generally limited and lower than 5% 587 

while the one between Wall_Resin 50 and Wall_Ref_M1_50 is more pronounced reaching 9% for the 588 

case of Photochemical oxidation.  Additionally, except for the case of GWP, ODP and ADP, under 589 

scenario 1, the reinforcement content always causes higher impacts in comparison to the cement ones. 590 

Differently to what has been highlighted in Scenario 1, as shown in Fig. 8, Scenario 2 better highlights 591 

the environmental advantages of Wall_SAP_M1_100 in comparison to Wall_Ref_M1_100, reaching 592 

reductions higher than 10% for the case of HTP, FAETP, TETP and POCP while Wall_Resin 100 in 593 

comparison to Wall_Ref_M1_100 registers differences always higher than 15% except for EP. This is 594 

mainly due to the reiteration of the maintenance activities to be developed throughout the entire 595 

service life here extended up to 100 years. Also in this case, the reinforcement amount affects stronger 596 

the final results for most of the impact indicators in comparison to the cement content. What was 597 

observed with regard to the impacts associated to the cement and reinforcement content under 598 

scenario 1 is also confirmed in scenario 2. Moreover, with regard to Scenario 3, Fig. 8 shows that since 599 

for Wall_Ref_M2_50 and Wall_SAP_M2_50 the number of the maintenance activities are the same as 600 

for Wall_Ref_M1_100 and Wall_SAP_M1_100,  no relevant differences can be remarked in comparison 601 

to Scenario 2. Additionally, it must be noted that  the effect of the epoxy resin for all the ten impact 602 

indicators is almost neglectable with no relevant differences between Wall_Resin_50 and 603 

Wall_Resin_100. Thus, comparing Wall_Resin_50 to Wall_Ref_M2_50, the considerations are the 604 

same as for scenario 2 between Wall_Resin_100 and Wall_Ref_M1_100. The highest reduction values 605 

are reached for the case of Scenario 4 as shown in Fig. 8 having considered a SL of 100 years together 606 

with the more aggressive corrosion model such as the hemispherical pit one. For this case, the highest 607 

reductions are achieved for FAETP (20%) with values higher than 15% also for  MAETP, TETP, POCP and 608 

AP. Furthermore, comparing Wall_Resin_100 to Wall_Ref_M2_100, the reductions are always higher 609 

than 15% with values around 67% as in the case of HTP. With regard to the costs, despite the addition  610 

of the SAP, whose cost is assessed at around 10 € per kg, due to the reduced amount of reinforcement, 611 

the Wall_SAP itself, without any maintenance activity, costs around 7,860 € that is just 2.5% higher as 612 

compared to the Wall_REF itself (around 7,670 €) as reported in Table 8 and Table 9. The economic 613 

convenience of Wall_SAP in comparison to Wall_Ref is confirmed also taking into account the repairing 614 

activities in the four scenarios as detailed in Tables 12 to 19.  Significant reductions can be observed in 615 

the case of Scenario 3 and 4 where, having considered a more aggressive corrosion model resulting in 616 

a more rapid loss of the cross section of the steel bars, it is possible to pass from 11,272.00 € and 617 

12,084.00 € for Wall_Ref_M2_50 and Wall_Ref_M2_100 respectively up to 9,609.00 € and 10,408.00 618 

€ for the case of Wall_SAP_M2_50 and Wall_SAP_M2_100 with a reduction of around 14 % in both 619 

scenarios. Furthermore, as indicated in Table 10 and Table 11, the maintenance activities by means of 620 

polyurethane resin injection bring the total amount up to 11,838.00 € and 12,725.00 € in a timeframe 621 

of 50 and 100 years, higher than costs for Wall_SAP assessed in the same timeframe under different 622 

boundary conditions. Therefore, as clearly shown in  Figure 9 , the epoxy resin injection represents 623 

always the most expensive solution with an incidence of the maintenance activities assessed at around 624 

30 % of the total costs for both Wall_Resin 50 and Wall_Resin 100. The same cost incidence can be 625 

observed also for Wall_Ref_M2_50 and Wall_Ref_M2_100 while in the same scenarios 626 

Wall_SAP_M2_50 and Wall_SAP_M2_100 maintenance activities generate a lower extra expense of 627 

15% and 22% respectively. Figure 10 and Figure 11 show the costs trend in a timeframe of 50 and 100 628 

years respectively, outlining for the FU always a continuous cost increasing from 20 years of service 629 

life onwards, except for Wall_SAP in scenario 1 and 2 whose costs increase starting from 30 years of 630 

SL.  631 



632 

 633 

634 

 635 

 636 

Figure 8: Environmental impacts for the different scenarios for the CML impact categories with indication of SAP, cement and 637 
reinforcement contribution. The black color represents the environmental burdens due to the remaining components. 638 



Figure 10: Costs trend within 50 years of service life. 

 639 

 640 

Figure 9: Overall costs summary including maintenance incidence (€) 641 
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Figure 11: Costs trend within 100 years of service life 

 643 

 644 

6 Conclusions 645 

 646 

This paper investigates the use of LCA and LCC methodologies as integral part of the design phase to 647 

support the use of SAP-containing concrete in comparison to traditional reinforced concrete solutions. 648 

One of the key focus points was to properly estimate the frequency of the repair activities according 649 

to the structural properties of the walls and to the durability parameters of a concrete structure 650 

exposed to a chloride environment. To this purpose, in this paper, structural design approaches have 651 

been combined with equations governing the assessed degradation mechanisms. It is possible to 652 

summarize the findings of the research as below: 653 

• it is important, in the material and structural design phase, to target specific durability 654 
performance requirements, e.g. in terms of chloride diffusion coefficient values, which govern 655 
the corrosion initiation time;  656 

• the maintenance activities are not only responsible for most of the overall costs, summing up 657 
to more than 30% in some of the investigated scenarios, but since they imply the use of more 658 
reinforcement and cement as well, this inevitably causes higher impacts; 659 

• the influence of the SAPs on the overall impacts is almost neglectable; 660 

• the use of the SAP is the most convenient solution with reference to 50 and 100 years of SL 661 
and according to the adopted cradle to gate system boundary;  662 

• the environmental and economic advantages are more significantly evident in longer time 663 
frames like 100 years for the case of this study, mainly due to the incidence of the frequency 664 
of the maintenance activities. 665 

This highlights the need to act on the durability characteristics and integrate them from the 666 

structural design phase. In keeping with this, LCA and LCC are necessary tools to be employed as 667 

part of an integrated approach for a more sustainable design of reinforced concrete structures. 668 

Such integrated approach will favor the spread and market uptake of innovative solutions in terms 669 

of materials and products, like the SAP-containing concrete, which have proven to be promising 670 

for the concrete construction industry. 671 

 672 
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