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Abstract

:

This work analyzes the technical and economic viability of using coarse recycled aggregates from crushed concrete in shotcrete, as a primary lining support in tunnels. Four incorporation ratios of coarse natural aggregate (CNA) with coarse recycled concrete aggregates from concrete (CRCA) were studied: 0%, 20%, 50% and 100%. The mechanical properties of the dry-mix shotcrete were obtained in an independent experimental campaign. Initially, the technical viability of CRCA shotcrete was validated for deep rock tunnels, based on the convergence-confinement method. Two cases were studied to determine the equivalent thickness for each combination of replacement ratio using CRCA shotcrete: (i) similar stiffness and (ii) similar yield stress. Subsequently, an economic assessment was performed. The stiffness criterion increased the thickness below 10% in both the 20% and 50% replacement ratios, which shows their technical viability with very marginal cost increase (<5%). On the other hand, the maximum pressure criteria required higher increments, close to 30% in the 50% replacement ratio. A full replacement was proven to be impracticable in both analyses.
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1. Introduction


The construction sector is considered one of the main players in the generation of environmental impact. Besides cement production, which is responsible for more than 6% of all global CO2 emissions, the total amount of construction and demolition waste (CDW) represents a third of all waste generated in the European Union. However, there are barriers to its reuse, one of the main of which lies in the lack of trust in the quality of CDW [1].



The incorporation of recycled aggregates (RA) in concrete, by replacing a percentage of natural aggregates (NA), usually leads to poor mechanical and durability-related performances [2,3].



It is therefore important to understand to what extent the behavior of the RA differs from that of the NA. According to Bravo et al. [2], the main differences between these aggregates are:




	-

	
Higher water absorption capacity of the RA, leading to concrete mixes with lower workability and effective water/cement ratio;




	-

	
Lower compactness and thus lower resistance to crushing, lower modulus of elasticity and higher short- and long-term deformability.









Chan [4] and Bravo et al. [2] evaluated the performance of recycled aggregate concrete (RAC), finding that the nature of RA strongly influences their binding capacity to the new cement paste, thus affecting the mechanical properties of the resulting concrete. Nevertheless, these authors also concluded that the use of these aggregates in concrete production is feasible. However, considering that their use affects the mechanical and durability-related properties of RAC, imposition of limitations and cautions on their inclusion is required.



Shotcrete is widely used in the underground mining and tunneling industry, slope stability, rehabilitation works, and in many other areas.



The tunneling industry is growing because the available space in dense urban environment tends to be used for nobler purposes than transit subways, parking lots, electric lines, water supply and sewer lines [5].



Nowadays, the widespread use of the New Austrian Tunneling Method (NATM) has increased the use of shotcrete for linings [6]. In recent years, several studies on the use of fibres to replace the traditional electro-welded meshes have been published [7,8,9,10].



To the authors’ knowledge, the incorporation of recycled aggregates from CDW in deep tunnels has not yet been studied in detail. This work studies the viability of using CDW in urban tunnels, because CDW is usually generated in urban environments. A technical and economic assessment of different dry-mix shotcrete compositions, incorporating coarse recycled concrete aggregates (CRCA) in substitution of coarse natural aggregates (CNA), intends to contribute to the sustainability of the construction sector.



For generalization purposes, the analysis is made for a reference case of a deep tunnel where analytical equations proposed by Carranza-Torres and Fairhurst [11] are valid (see Appendix A), based on the convergence-confinement method, which is broadly used to describe the ground-support interaction in design practice [12,13].



It is demonstrated that limited incorporation ratios of CRCA can be a valid alternative from a technical and economic perspective.




2. Experimental Program


2.1. Tests


Firstly in this experimental campaign, a detailed characterization of all aggregates used in the production of concrete was made.



The physical characterization of the aggregates involved the following tests: particle density and water absorption [14], bulk density and volume of voids [15], shape index [16], Los Angeles wear [17] and humidity content [18].



Table 1 shows the tests performed to characterize the mechanical properties of the shotcrete mixes with RA.



It should be referred that the mechanical tests were always performed on core specimens (extracted from slabs produced with shotcrete) with a diameter of 98 mm. The ultrasound pulse velocity determination was carried out in core specimens which were then tested for compressive strength at 28 days.




2.2. Materials


In this research, limestone gravel and alluvial rolled sand were used as NA, respectively, as coarse and fine aggregates. RA from concrete were obtained by crushing a C30/37 strength class concrete with a maximum aggregate size of 14 mm. All the aggregates were added to the mixes completely dry. Type I 42.5 R cement was also used.



Table 2 shows the physical properties of the aggregates used. When compared to NA, it is confirmed (as stated in the introduction) that RA have lower density and higher water absorption capacity. This derives from the nature and porosity of the RA from concrete. For the same reason and because they possess more elongated shapes, RA present a lower bulk density than NA.



Table 2 also shows that the RA display a higher shape index than NA. This can lead to a lower workability of the concrete mix with RA compared to that of the reference concrete (RC), which has to be balanced by a higher w/c ratio.



It was also found that, due to their composition, RA show a lower resistance to fragmentation than NA.




2.3. Mixes Design


The composition of the reference concrete was determined by the Faury method for a target strength belonging to class C30/37 (Figure 1). The maximum aggregate size used was 12.5 mm. Concrete compositions with RA were based on that of reference concrete. However, in order to keep the concrete workability constant (125 ± 25 mm slump), the w/c ratios of the concrete mixes with RA were increased. Table 3 shows the final composition of the concrete mixes studied.





3. Mechanical Properties


Regarding the mechanical properties, as stated, the bond strength (by pull-off), compressive and splitting tensile strengths, secant modulus of elasticity, abrasion resistance and ultrasound pulse velocity were determined. Table 4 provides a summary of the hardened state mechanical properties.



Regarding bond strength, no clear variation of this property with the incorporation of CRCA in concrete was found. As for compressive strength, it decreased as the percentage of the replacement of CNA with CRCA increased. Maximum reductions between 20% and 30% were obtained. This result is in agreement with those of several authors who analyzed cast RAC and obtained maximum reductions within this range. Even so, at seven days, the strength values of (RAC) shotcrete compared to cast RAC were lower, which supports the hypothesis that hardening is slower in the former than in the latter.



With respect to tensile strength, the incorporation of CRCA led to non-significant influence, as also reported by other authors, with maximum decreases of 15%, which are clearly lower than those in compressive strength. The reason for this is that the bond between the cement paste and CRCA is improved (compared to CNA) due to their shape and higher water absorption capacity.



The ultrasound pulse velocity decreased as the CRCA incorporation increased, which is consistent with the higher porosity of these aggregates that leads to a concrete mix with lower quality.



The modulus of elasticity was one of the properties mostly affected by the replacement of CNA with CRCA, with reductions of up to 31%. This stems from the higher deformability of the CRCA and lower strength of the bonded cement paste, the latter promoting further degradation of stress transmission capacity between the various concrete constituents. With respect to cast concrete, the reductions obtained (by the incorporation of CRCA) were more significant. The maximum aggregate size adopted also played a role, since the smaller the size the higher the porosity, and thus the higher the deformability and the lower the modulus of elasticity.



Finally, the abrasion resistance increased with the incorporation of CRCA as a result of the higher roughness and porosity of these aggregates, which yielded a better bonding to the cement paste and thus a better adhesion to concrete. Hence, the prevailing tendency was the improvement of this property with the incorporation of this type of aggregate. This result is in agreement with those of other researches, in which reductions in depth loss between 10% and 15% were obtained, showing that this property indeed improves when CRCA are incorporated in concrete.




4. Technical Viability


4.1. Case Study


Nowadays, the analysis and design of tunnels in urban environments require the use of numerical simulations to simulate with accuracy complex geometries of the tunnel and ground layering. For simplicity’s sake, the case study selected is a deep tunnel in a rock massif (hydrostatic stress field of 5 MPa), with a 3 m radius circular cross-section, where the analytical method proposed by Carranza-Torres and Fairhurst [11] is valid and is briefly described in Annex 1. In this example, stress relief factor λ is taken equal to 85% and lining thickness, tc, is equal to 200 mm for CNA shotcrete.



For the lining of the tunnel, shotcrete with different CRCA incorporation ratios (IR) was considered, whose mechanical properties were determined experimentally by Duarte et al. [25]. Table 5 shows the values of the design compressive strength and modulus of elasticity obtained, including the percentage of reduction of the mechanical properties in relation to the shotcrete mix without incorporation of CRCA (IR0).



Table 5 shows that incorporating CRCA in the mix results in lower mechanical properties, ranging from about −3% for IR20 to −31% for IR100. For tunnels, the reduction of strength and stiffness in the shotcrete with recycled aggregates can be balanced by an increase of the lining’s thickness. The lining’s equivalent thickness for different CRCA incorporation ratios was computed for two criteria: (i) lining with similar stiffness and (ii) lining with similar yield stress.




4.2. Elastic Radial Stiffness Criterion, Ks


In this section, it is assumed that each shotcrete mix considered has a similar stiffness, namely the elastic radial stiffness, Ks, is equal to 636 MPa/m (tc = 200 mm for CNA shotcrete).



Table 6 quantifies the differences in yield pressure and equivalent thickness. For IR20 and IR50, the thickness increase is small (<15 mm, 3% and 7%, respectively). The thickness increase is significant (42%, 83 mm) for IR100 only.



Table 6 supports the conclusion that both IR20 and IR50 are competitive solutions from a technical point of view, with small increases of the lining’s thickness (<7%).




4.3. Maximum Pressure Criterion,    p s  m á x    


In this section, it is assumed that each shotcrete mix considered has a similar yield stress: 1.43 MPa (tc = 200 mm for CNA shotcrete). Table 7 quantifies the differences in stiffness and equivalent thickness. For IR20, the equivalent thickness increases 12% (24 mm), which can be considered acceptable, while IR50 and IR100 require thickness increments over 28% (more than 50 mm).



For cases where yield stress criterion is relevant, only the IR20 mix can be considered equivalent to IR0, as the other options may be compromised by an increase of the lining thickness over 50 mm.





5. Economic Viability


Adopting the equivalent thicknesses determined in Section 3, the economic viability analysis of CRCA shotcrete is presented in this section. Based on data collected from Portuguese tunneling companies, the estimation of the current costs range to produce dry-mix shotcrete is shown in Table 8.



Figure 2 shows the unit costs, in €/m3, of the different shotcrete scenarios, assuming three possible costs for CRCA to assess its impact:




	
Scenario 1 (50% CNA)—the recycled aggregates’ cost is taken as equal to 50% of the natural aggregates (7.5 €/m3);



	
Scenario 2 (NULL) —the recycled aggregates’ cost is zero (taking into account that CDW producers are ready to pay to get rid of it);



	
Scenario 3 (SUB) —there is a subsidy equal to 7.5 €/m3 to promote recycled aggregates’ use. Because the cost of CRCA is smaller than that of CNA, the unit cost of shotcrete with incorporation of CRCA is smaller.








Figure 2 shows that incorporating recycled aggregates in shotcrete generates small variations is cost per cubic meter (<8%), for the three scenarios analyzed.



Table 9 shows the cost of the lining per unit length of the tunnel for the two cases for which equivalent thickness was determined: similar stiffness and similar yield stress.



In all cases, for simplicity’s sake, rebound losses equal to 25% of the shotcrete’s theoretical volume were assumed.



For the case in which CRCA cost is 50% of the cost of CNA, the lining’s cost per unit length of the tunnel with CRCA is slightly higher than without CRCA for IR20 (2.3%) and IR50 (5.3%) for Case 1. For the other IR’s and cases, the increase in cost is higher than 10%.



Because the recycled aggregates’ cost represents less than 15% of the total production costs, an increase in thickness due to the lower mechanical properties leads to higher consumption of the other components, and thus costs increase.



Figure 3 shows the variation of the lining’s cost per unit length of tunnel for the three hypothetical costs of CRCA.



Figure 3 shows that the lining’s cost per unit length of the tunnel is fairly insensitive to the cost of CRCA. In particular for Case 1, similar stiffness criterions-mixes IR20 and IR50 lead to marginal increases in the lining’s cost (between 1.2% and 5.3%), while the other cases studied lead to variations higher than 10%.



So, IR20 and IR50 are interesting alternatives for CRCA incorporation in dry-mix shotcrete solutions. The remaining cases require a larger increase in lining’s thickness, which is economically unattractive.




6. Conclusions


The technical economic analysis of dry-mix shotcrete incorporating CRCA was performed considering three different replacement ratios of CNA with CRCA, for two cases: similar stiffness criterion and similar yield stress criterion.



For deep tunnels, a small increase in the lining’s thickness is required to have linings of similar stiffness for the IR20 and IR50 mixes, which shows their technical viability. An economic assessment proved that both mixes can be competitive against a conventional shotcrete, with very small increases in the lining’s cost per unit length of the tunnel.



A sensitivity study to assess the impact of CRCA cost on lining’s cost per unit length shows that CRCA cost is very small, and therefore its influence on the overall costs is also small.



Based on this study, it can be concluded that using coarse recycled concrete aggregates in tunnels can be an interesting solution for the IR20 and IR50 mixes, with marginal impact on thickness and the lining’s cost per unit length of tunnel.



The viability of using CRCA in tunnel construction practice should be analyzed considering the specific data from each project, such as costs to produce dry-mix shotcrete and the strength and deformability study.
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Appendix A. The Convergence-Confinement Method


The stress redistribution and three-dimensional deformation induced by tunnel excavation and lining installation during construction is a very complex three-dimensional problem. To simulate tunnel construction, the convergence-confinement method in plane strain conditions is widely used. The method relies on the ground reaction curve, which describes the response of the ground around the tunnel [26,27], and the support reaction curve, which describes the lining response.



The two-dimensional tunneling problem is illustrated in Figure A1a. The tunneling process is represented by increasing the λ value from zero to one. Figure A1b shows the main characteristics of the convergence-confinement method. The convergence curve corresponds to the internal pressure versus the tunnel radial displacement. The radial displacement of the tunnel increases as the internal pressure decreases. The tunnel can be self-stabilized without a liner (Curve [a]) in Figure A1b) or the surrounding ground can fail which leads to an increase in the ground load acting on the tunnel lining (Curve [b] in Figure A1). In the latter case, a liner must be installed to keep the stability of the tunnel.



Based on the convergence-confinement method, Carranza-Torres and Fairhurst [11] proposed a set of analytical equations valid for deep circular tunnels in rock. These equations are used to ensure the technical viability of the shotcrete solutions proposed in a simplified manner, bypassing complex numerical simulations necessary for shallow tunnels and non-circular shapes, but without loss of generalization capacity of the conclusions.
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Figure A1. Convergence confinement method: (a) evolution of tunnel convergence with face advance; (b) ground reaction curve and support reaction curve (adapted from Orestes [13]). 






Figure A1. Convergence confinement method: (a) evolution of tunnel convergence with face advance; (b) ground reaction curve and support reaction curve (adapted from Orestes [13]).
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The problem is studied as a two-dimensional plane strain case, in which the pressure, pi, and the radial displacement, ur, are constant in the tunnel walls.



The ground reaction curve is obtained from the elastoplastic solution of a circular opening subjected to a hydrostatic stress field, σ0. Equations (A1) and (A2) present the elastic and plastic portions of the curve, respectively.


   u r  e l   =  (     S o  −  p i    2  G  r m      )  R  



(A1)




where urel is the elastic radial displacement of the massif, So the uniform tension around the tunnel, pi the pressure of the walls at the tunnel, and Grm the shear modulus of the rock massif.


       u r  p l   =  u r  e l    {     K ψ  − 1    K ψ  + 1   +  2   K ψ  + 1      (     R  p l    R   )     K ψ  + 1   +   1 − 2 ν   4  (   S o  −  P i  c r    )       [  l n  (     R  p l    R   )   ]   2   − [    1 − 2 ν    K ψ  + 1        P i  c r        S o  −  P i  c r     +         1 − ν  2     K ψ  − 1      (   K ψ  + 1  )   2     1   S o  −  P i  c r      ]   [   (   K ψ  + 1  )  l n  (     R  p l    R   )  −    (     R  p l    R   )     K ψ  + 1   + 1  ]   }    .  



(A2)




where Kψ is the dilatancy coefficient, Picr the critical pressure, related with the transition of an elastic to plastic behavior of the tunnel walls, and Rpl the radius of the failed region, developed when pi < Picr.



The shotcrete support is modeled with perfect elastoplastic behavior, with an elastic radial stiffness ks, and maximum pressure, ps,max. Equations (A3)–(A5) describe the support behavior [28].


   p s  =  K s   u r   



(A3)






   p s  m á x   =    f  c d    2   [  1 −      (  R −  t c   )   2     R 2     ]   



(A4)






   K s  =    E c     (  1 +  ν c   )  R        R 2  −    (  R −  t c   )   2     (  1 − 2  ν c   )   R 2  +    (  R −  t c   )   2     



(A5)




where ps is the pressure in the support, fcd the design compressive strength of the shotcrete, ur the radial displacement of the support, νc the Poisson’s coefficient of the shotcrete, Ec the modulus of elasticity of the shotcrete, R the radius of the shotcrete ring and tc representing its thickness.
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Figure 1. Faury method for reference concrete. 
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Figure 2. Cost of shotcrete for each composition, assuming different cost scenarios of the recycled aggregates. 
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Figure 3. Variation of lining’s cost per unit length of tunnel for three different costs of Coarse Recycled Concrete Aggregates. 
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Table 1. Hardened properties of shotcrete.






Table 1. Hardened properties of shotcrete.





	

	
Age [Days]

	
Number of Specimens

	
Standard






	
Bond Strength (by Pull-off)

	
40

	
3–5

	
EN 1542 [19]




	
Compression Strength

	
7

	
3

	
EN 12,390-3 [20]




	
28

	
5




	
56

	
3




	
Splitting Tensile Strength

	
28

	
3

	
EN 12,390-6 [21]




	
Modulus of Elasticity

	
28

	
3

	
LNEC E-397 [22]




	
Abrasion Resistance

	
91

	
3

	
DIN 52,108 [23]




	
Ultra-Sound Pulse Velocity

	
28

	
5

	
EN 12,504-4 [24]
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Table 2. Physical properties of the aggregates.






Table 2. Physical properties of the aggregates.













	
	Oven-Dry Particles Density (kg/m3)
	Water Absorption (%)
	Bulk Density (kg/m3)
	Shape Index (%)
	Los Angeles Wear (%)





	Gravel 1
	2624
	1.65
	1406
	27
	25



	Granule
	2634
	1.02
	1409
	22
	25



	Coarse Sand
	2574
	0.71
	1544
	-
	-



	Fine Sand
	2548
	0.59
	1557
	-
	-



	RA
	2370
	4.55
	1287
	45
	36
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Table 3. Composition of the concrete mixes studied (m3/m3) and estimated w/c ratios.






Table 3. Composition of the concrete mixes studied (m3/m3) and estimated w/c ratios.





	

	

	
RC

	
C20

	
C50

	
C100






	
Coarse Natural Aggregates

	
0.331

	
0.264

	
0.164

	
0.000




	
Coarse Recycled Aggregates

	
0.000

	
0.066

	
0.164

	
0.327




	
Fine (Natural) Aggregates

	
0.354

	
0.352

	
0.350

	
0.348




	
Total Aggregates

	
0.685

	
0.681

	
0.678

	
0.674




	
Type I 42.5 R Cements

	
0.115

	
0.115

	
0.115

	
0.115




	
Water

	
0.175

	
0.179

	
0.182

	
0.186




	
Voids

	
0.025

	
0.025

	
0.025

	
0.025




	
Total

	
1.000

	
1.000

	
1.000

	
1.000




	
w/c Ratios

	
0.46

	
0.47

	
0.50

	
0.50
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Table 4. Mechanical properties of shotcrete mixes (adapted from Duarte et al. [25]).
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RC

	
C20

	
C50

	
C100






	
Pull-off bond [MPa]

	
1.11

	
0.8

	
1.11

	
1.14




	
−2.91%

	
−0.15%

	
+2.45




	
Compressive strength [MPa]

	
7-day

	
18.27

	
17.72

	
15.99

	
14.09




	
−3.01%

	
−12.48%

	
−22.88%




	
28-day

	
37.18

	
33.83

	
30.35

	
27.25




	
−9.01%

	
−18.37%

	
−26.71%




	
56-day

	
43.24

	
36.58

	
35.77

	
31.91




	
−15.40%

	
−17.28%

	
−26.20%




	
Splitting tensile strength [MPa]

	
3.33

	
3.1

	
3.01

	
2.84




	
−6.84%

	
−9.61%

	
−14.77%




	
Ultrasound pulse velocity [km/s]

	
4.82

	
4.79

	
4.54

	
4.48




	
−0.45%

	
−5.66%

	
−6.97%




	
Modulus of elasticity [GPa]

	
26.14

	
25.41

	
24.34

	
18.08




	
−2.79%

	
−6.89%

	
−30.83%




	
Abrasion resistance [%]

	
8.13

	
7.49

	
7.73

	
7.06




	
−7.87%

	
−4.92%

	
−13.16%








Legend: Green—Better result in comparison with reference concrete (RC); Yellow—Worse result than RC, with reductions lower than 10%; Red—Worse result than RC, with reductions higher than 10%.
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Table 5. Design compressive strength and modulus of elasticity of each composition.






Table 5. Design compressive strength and modulus of elasticity of each composition.












	
	IR0
	IR20
	IR50
	IR100





	fcd [MPa]
	22.1
	19.9
	17.6
	15.5



	(Δfcd,IR0 [%])
	(-)
	(−10%)
	(−21%)
	(−30%)



	Ec [GPa]
	26.1
	25.4
	24.3
	18.1



	(ΔEc,IR0 [%])
	(-)
	(−3%)
	(−7%)
	(−31%)
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Table 6. Variation of yield stress and equivalent thickness when a similar stiffness criterion is adopted.
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	IR0
	IR20
	IR50
	IR100





	Yield Stress:    p s  m á x     [MPa]
	1.43
	1.32
	1.21
	1.39



	(Δ   p s  m á x     [%])
	(-)
	(−8%)
	(−15%)
	(−2%)



	Equivalent Thickness: e [mm]
	200
	206
	214
	283



	(Δe [%])
	(-)
	(3%)
	(7%)
	(42%)
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Table 7. Results for the maximum pressure criterion.
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	IR0
	IR20
	IR50
	IR100





	Ks [MPa/m]
	636
	697
	766
	653



	(ΔKs [%])
	(-)
	(10%)
	(20%)
	(3%)



	Equivalent Thickness: e [mm]
	200
	224
	255
	290



	(Δe [%])
	(-)
	(12%)
	(28%)
	(45%)
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Table 8. Material costs per m3 of dry-mix shotcrete produced.






Table 8. Material costs per m3 of dry-mix shotcrete produced.





	

	

	
Cost Range

[€/m3]

	
Cost Adopted




	

	

	
[€/m3]

	
[%]






	
Equipment

	
16 to 20

	
18

	
13




	
Cement and Fly Ash

	
45 to 50

	
47.5

	
34




	
Labour

	
30 to 40

	
35

	
25




	
Additives

	
17 to 23

	
20

	
14




	
Plasticizers

	
4 to 5

	
4,5

	
3




	
Natural Aggregates

	
13 to 17

	
15

	
11




	

	
Total

	
140

	
100
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Table 9. Lining cost per unit length of the tunnel for Scenario 1 (50% Coarse Natural Aggregates).






Table 9. Lining cost per unit length of the tunnel for Scenario 1 (50% Coarse Natural Aggregates).





	
CRCA Incorporation Ratio [%]

	
Thickness [mm]

	
Theoretical Volume [m3/m]

	
Estimated Volume with Rebound Losses [m3/m]

	
Shotcrete Cost Per Unit Volume [€/m3]

	
Lining’s Cost Per Unit Length [€/m]

	
Variation [€/m]






	
Case 1—Similar stiffness criterion




	
0

	
200

	
3.64

	
4.86

	
140.00

	
680.26

	
-




	
20

	
206

	
3.75

	
5.00

	
139.20

	
695.94

	
+15.68 (2.3%)




	
50

	
214

	
3.89

	
5.19

	
138.05

	
716.00

	
+35.74 (5.3%)




	
100

	
283

	
5.08

	
6.78

	
136.19

	
922.98

	
+242.7 (35.7%)




	
Case 2—Similar yield stress criterion




	
0

	
200

	
3.64

	
4.86

	
140.00

	
680.26

	
-




	
20

	
224

	
4.06

	
5.42

	
139.20

	
754.40

	
+74.14 (10.9%)




	
50

	
255

	
4.60

	
6.14

	
138.05

	
847.13

	
+166.87 (24.5%)




	
100

	
290

	
5.20

	
6.94

	
136.19

	
944.66

	
+264.40 (38.9%)
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