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Abstract

:

Digging trenches on roads, sidewalks, or banks to accommodate public demands is required for the installation of water pipelines, natural gas lines, electric cables, and optical fibers. The soils extracted from these trenches always have substantial environmental and economic consequences, as these soils are frequently regarded as waste due to their poor engineering properties. As a result, a suitable location and method for disposing these excavated soils must be found, and this procedure is exceedingly costly, time consuming, and environmentally unfriendly. It is far more efficient to reuse these excavated soils for refilling the same trenches. This study is a part of a French national project. The national project aims to dig 5 to 25 cm wide trenches to install public utilities and to refill them using the same excavated material in the form of self-compacting mortar. The goal of this research is to determine the best ecofriendly binder for the soil excavated from various sites by conducting laboratory-scale physio-chemical and mechanical testing. This study examined the unconfined compressive strength (UCS) assessed by both destructive and non-destructive (ultrasonic) testing methods. By utilizing low CO2-emitting ecofriendly binders incorporating industrial byproducts (fly ash and GGBS), this work has broadened the possibility of reusing trench cuttings to refill the same trenches.
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1. Introduction


Recycling and waste recovery are the foundation of the circular economy. As indicated in the recommendation issued by the European directives, that improvements in eco-design, prevention, and reuse of waste could achieve a net saving of up to EUR 600,000 million per year for European Enterprises [1]. Thus, it is in the context of sustainable development that the Marais group launched this national project, which concerns the recycling and recovery of trench-cuttings (TC). The Marais group founded in 1962 is a subsidiary of the Tesmec group. The research work for this study was conducted at the Continental and Coastal Morphodynamics Laboratory (M2C). M2C is a joint research unit (UMR 6143) with the University of Caen-Normandy.



The installation of public utilities such as electrical cables or optical fiber (fiber to the home—FTTH) on the road to facilitate connection to local utility services loops requires digging trenches on the road or the sidewalks [2]. The materials obtained from these trenches are mostly considered as waste and transported to a waste storage center for regrouping. These trenches are then filled with the mortar obtained from concrete plants far away from the sites. This process is very time consuming and costly. The digging of trenches and refilling after the installation is a material and energy-intensive activity with potential risks on environment. Transportation concerning the infrastructure in general and roadways in particular has a significant impact on the environment. As per a report published by US Environmental Protection Agency in 2013, the greenhouse gas (GHG) emissions linked with the transportation economic sector totaled 1829 million metric tons of CO2, out of a total of 6702 million metric tons of CO2 in the year 2011 [3,4]. The large greenhouse gas (GHG) emission in the transportation sector is linked to the transportation of heavy vehicles along the highways as they consume a large quantity of fuel. Therefore, transporting trench cuttings (TCs) to the waste management/storage center as well as the transportation of mortar from concrete plants to construction sites can be considered a highly non-ecofriendly solution along with being costly and time consuming. To reduce the climate impacts induced by construction, it is necessary to increase resource efficiency by reusing waste material or excavated material [5]. Excavated soil management is becoming a critical issue around the world, particularly in urban and industrial areas where construction development and the needs of optic fibers and cable connection all compete for the sustainable use of soil and aggregates resources. The world is searching for ways to save environment and to recycle excavated material. For example, in Finland, about 80 percent of concrete waste is recycled and the majority of these recycled materials are used in road construction and earth construction [6]. The French Public Work Federation (FNTP) in the past decades has also been seeking for more sustainable solutions for excavated materials, as recycling and recovered waste are the keystones for a circular economy.



This research is a small element of a national project that concerns recycling and the on-site valorization of the material obtained from trenches made on the roads in both urban and rural areas by converting it into a self-compacting mortar (SCM). To attain these objectives at the site, a special machine (Mac-H) has been designed, developed, and implemented by a French company. Mac-H is a mobile production center behind a suction-type slicer and can evaluate trench cuttings as a self-compacting material (Figure 1). Mac-H can dig the trench, receive the trench cutting by a belt conveyor, crush the trench cutting, sieve up to any desired range, and finally fill the trenches after mixing trench cuttings with ecofriendly binders. Recycling excavated material at the site can minimize GHG emissions, saving a lot of time and transportation costs.



Mac-H has the capacity to continuously manufacture the self-compacting mortar (SCM) to backfill trenches on the sidewalks (urban areas) or banks (rural areas) and on the roads. SCM is a particular material that can pass through and fill the gaps of reinforcement and mold corners without any need for vibration and compaction during the placement process [7,8]. Two types of trench cuttings are considered, keeping in mind the origin and location of the site: one obtained from a site at the urban area, i.e., urban trench cutting (UTC), and the other one obtained from a site at the rural area, i.e., rural trench cuttings (RTCs). The nature of the recovered material is that they are partly granular and from urban areas, while mainly fine matrix (clay, silt, organic matter) materials are obtained in rural areas.




2. Materials and Methods


2.1. Research Approach


The construction sectors in France and around the world are facing a progressive depletion of natural resources as the escalation in the demand of traditional hydraulic binders increases day by day. The manufacture of cement requires huge quantities of non-renewable resources, i.e., raw material and fossil fuels. It is estimated that cement production generates almost 6% of total carbon dioxide produced by human activity and therefore, it is an essential sector for CO2 emission mitigation strategies [9]. Ongoing urbanization will further increase the need for natural resources [10]. Circular consumption is an indispensable part of a circular economic system for sustaining the economic growth of any country or organization, as well as minimizing environmental problems and resource depletion [11]. However, the problem of making circular consumption practical is a big challenge. The circular economic concept and its 3R model (reduce, reuse, and recycle) promote the transition of a linear model into a circular model. The conventional method follows the linear model of waste management, i.e., resource–product-waste. The process is as follows: Dig a trench, excavate, and transport the waste material to waste management centers; install the optical fibers; and finally fill the trench by mortar, which is prepared far away from the working site. The linear model is environmentally degrading, costly, and time consuming. On the other hand, the reuse of trench cuttings (circular model) will reduce waste management costs, decreases the use of natural resources, and limits the logistics at the site as well on highways. The linear and circular models for waste management produced and explained by Yang et al. in 2014 are provided in the Figure 2 [11]. The binders used in this study (A1, A2, A3) are ecofriendly as they mostly consist of industrial byproducts. Indeed, by convention, a waste product has no carbon footprint, except for its transport. Therefore, the manufacture of these ecobinders produce very little CO2 compared to the manufacturie of conventional hydraulic binders.



The characterization of the sediments is the first step in any recovery process. It allows the determination of a set of properties necessary to choose a valuation chain to optimize this process. Once the necessary characteristics have been identified, laboratory scale testing is the next step. along with the selection of suitable ecofriendly binders. Mechanical and durability testing indicate whether self-compacting mortars are suitable for use in pilot scale experiments. If mechanical testing does not yield promising results, repeat the laboratory scale experiments with different binders at higher doses or with excavated soil pre-treatment before adding ecobinders. Real-time experiments are the final stage of any excavated soil recovery process. Figure 3 provides the strategy for reusing trench-cuttings, i.e., rural (RTC) and urban cuttings (UTC).




2.2. Methodology


Concrete is one of the widely used construction material for decades. Concrete mortar is generally used to refill the trenches made on roadways. However, the cement used to prepare the concrete mortar is not an ecofriendly solution. The manufacture of cement requires huge quantities of non-renewable resources such as raw material and fossil fuels. It is estimated that cement production generates almost 6% of total carbon dioxide produced by human activity [12]. Keeping in mind the environmental concerns, the use of cement should be minimized.



The objectives of this study are as follows:




	-

	
Use of low carbon ecobinder to minimize the use of cement, which is one of the biggest producers of carbon dioxide;




	-

	
Minimize large greenhouse gas (GHG) emissions in the transportation sector that are linked to the transportation of heavy vehicles along the highways as they consume a large quantity of fuel;




	-

	
Find the most sustainable solution for excavated material by reusing them on the spot;




	-

	
Minimize the waste and maximize the circular economy;




	-

	
Compare the unconfined compressive strength (UCS) measured using non-destructive and destructive methods;




	-

	
Make a qualitative evaluation of self-compacting mortar (SCM).









The first concern is the selection of the ecobinder, i.e., low carbon binder. Many studies [13,14,15] on the excavated material to be reused for construction works have shown that the addition of a hydraulic and/or pozzolanic binder can fulfill the required mechanical characteristics criteria for the material to be used as road construction. However, the chemistry of trench cutting is very complex and variable. The trench cuttings are very heterogenous depending on the origin (rural or urban) of the working site. Therefore, the type of binder and its amount requires making them feasible for use as construction materials. The incorporation of industrial by-products such as fly ash (FA) and ground granulated blast-furnace slag (GGBS) instead of ordinary Portland cement (OPC) seems interesting, as it allows the co-valorization of two wastes (dredged sediments and industrial by-products) and, thus, can eliminate them both. Pozzolanic binders (with alkaline activator) can evince mechanical properties [16] and thermal stability [17,18] compared to OPC. Three types of ecobinders used in this study are presented in Table 1. Additives are anhydrous products.



FA, which is the part of binder A1, constitute fluidized bed ash from the Emile Huchet power station located in the department of Moselle, France. Physio-chemical characteristics are presented in Table 2. GGBS, which makes up 75% of binder A2 and 45% of A3, is certified in accordance with the requirements of standard NF EN 197-1, and it is composed mainly of oxides of calcium, magnesium, aluminum, silicate (Table 2), less than 1% crystalline silica, and less than 2 ppm water soluble chromium VI. Additives in each binder are gypsum and/or anhydrite.



The particle size distributions were measured with a laser particle sizer as per standard ISO 13320-1 for each material (Figure 4).



Recycling urban trench-cuttings (UTCs) is not complicated, and traditional hydraulic binders can fulfill the mechanical strengths criteria to be reused in road construction. UTC is generally a granular soil mainly consisting of road and sidewalks layers. On the other hand, recycling rural trench-cuttings (RTCs), which comprises mainly cohesive soils, is sometimes complicated as these cuttings contain clay and silt. Therefore, different types of ecobinders are recommended because of the heterogeneity of the trench cuttings. Slumps tests were performed to determine the amount of water required for the required consistency class of various mixtures. After that, for each mixture, 18 typical 4 × 4 × 16 cm3 samples were molded and tested after 7, 14, 28, and 60 days. Each day, three samples were tested for unconfined compressive strength (UCS) and tensile strength, with the average of three being used as a reference. The early strength, i.e., 7 days, was required to understand the beginning of the hardening of mixtures and to declare how many days vehicle traffic could be possible for on-site applications. Both UCS and tensile strength were tested destructively and nondestructively. Comparisons were conducted to understand the scope of non-destructive testing (NDT). NDT can be performed using a variety of techniques, such as the electrical resistivity method, tomography, and so on. The ultrasonic method was used in this study to determine the UCS of self-compacting mortar.



In civil engineering, ultrasonic techniques are not only widely used for the control of ordinary concretes but also for special mortars or cement-stabilized soils such as self-compacting (case of our study) and ultra-high- performance fiber concrete [19]. The method consists of measuring the pulse velocity of the ultrasound passing through the material using a generator and a receiver (transducers). It is now possible to make measurements on site using portable hardware such as PUNDIT (Portable Ultrasonic Nondestructive Digital Indicating Tester), which was used in this study. The measurement is essentially based on the transmission of ultrasonic waves and the measurement of its transfer time. Three types of configurations of two transducers can be used and are illustrated in Figure 5: (a) direct, (b) indirect at surface, and (c) semi-direct.



Whenever possible, the direct layout is recommended as this allows maximum signal transmissions between transducers. The semi-direct layout is less sensitive than the direct layout but is more sensitive than the indirect layout. The path length is the distance between the center of each transducer. The main types of ultrasonic propagations are two modes, P (longitudinal waves) and S (transverse waves), depending on the mechanical properties of the materials. In reality, the method of determining the speed of ultrasonic waves in the case of concretes is defined by French standard NF P 12504-4. The ultrasonic velocity can be related to the mechanical properties of concrete, i.e., compressive strength, using empirical correlations or making our own correlations.



Regarding the reliability of the evaluation of the properties of concrete, it is necessary to specify problems encountered for four kinds: implementation, the calibration of the measurement, the interpretation of data, and the exploitation of the results [20]. During implementation, the measured speed can be affected by several factors such as the coupling gel influencing the repeatability of the measurements, the type of transducer, the presence of reinforcements, and the measurement conditions, i.e., humidity, temperature, and the lateral conditions of the medium crossed, etc. [21]. Non-destructive testing (NDT) methods are based on well-known physical principles (propagation of mechanical or electromagnetic waves, measurements of electric fields, etc.).



To measure UCS with direct or destructive method, a simple compressive strength test according to UCS was also used by using a destructive (conventional) method. As per French standard NFP 12390-3, rectangular test samples were placed between the trays of a press and experienced increasing axial forces until fracture, as depicted in Figure 6. The maximum value of the force makes it possible to calculate the uniaxial compressive strength UCS of the specimen as follows:


UCS = F/A



(1)




where A is the surface of the section of the test sample, and F is maximum axial force.



UCS testing was carried out on a press machine equipped with a compression force sensor with a maximum capacity of 10 kN (accuracy: ±0.1%) and a displacement capture device able to measure up to ±10 mm (accuracy: ±0.02 mm), as well as a device for the automatic acquisition of curve application/deformation (Figure 6). The control of the application of the load is carried out according to the rate of deformation imposed, i.e., 1.93 mm/min as per French standard NFP 12390-3.



To reuse excavated soils or sediments for road construction, it is necessary to understand the specific requirements for road construction defined by the federal or local authorities of that area. As per French standard, a minimum and a maximum unconfined compressive strength (UCS) are recommended: a minimum 2 to 4 MPa to ensure the bearing capacity of vehicles and a maximum ≤8 MPa to ensure their re-excavation for base layer, while for the foundation and sub-base, the UCS should be ≥1 MPa. To reuse TC for road construction, a minimum unconfined compressive strength of 2 MPa is needed. Other than that, Proctor and tensile strength tests are also recommended by French rules and regulations for road construction. To obtain the required strengths, the excavated soils must be treated with a high proportion of pozzolanic/hydraulic binders, as made in soil stabilization techniques. The Proctor test evaluates the compaction properties of excavated materials (European Standard, NF EN 13286-2, 2005). The immediate bearing capacity (IPI index), which determines the capacity of a material to support the circulation of the building machines under construction, is also recommended (European Standard, NF EN 13286-47). The recommended characteristics for the different road layers as specified in French standards are provided in Figure 7 [22].




2.3. Origin and Characteristics of Tested Soils


The excavated soils or trench cutting were collected from three sites, Yzernay, Villeray, and Angers, located in the west of France. To reference the different excavated trench cuttings, the initials of each site location were used. The second letter is either N, which stands for natural, i.e., natural or raw excavated soil without any physical or chemical action, or with M, which stands for machine process, i.e., trench cuttings crushed and sieved to 12 mm by the Mac-H (Table 3).



Two types of TC were collected from the Yzernay site during a two-day site visit in March 2019. TC that became processed through Mac-H is termed as machine trench cuttings (MTCs), and the raw trench cutting is called natural trench cutting (NTC). Benici et al., (2007) verified that the specimen with a better fineness and a narrower particle size distribution had the highest compressive strength [24]. MTC has finer and narrower size distribution compared to NTC (Figure 8). Two samples (NTC) were collected from the Villeray site located in La Bouëxière along the road D106 on 1 April 2021. The third sampling location is Angers. The NTCs from this site were taken from the urban pavement and, therefore, contain grave bitumen mixed with gravel (0/40 mm) and silts in layers of depths.



The characterizations of the excavated soils with respect to its physical properties are significant in decision making with respect to either reusing it or disposing [25]. The characterization of samples allows the determination of a set of properties necessary to choose a valuation chain to optimize the recycling process. Therefore, the physicochemical characteristics of TC, the contaminants interaction with the TC matrix, the amount of excavated soil or sediment, and the local environmental factors must all be considered when designing an appropriate sediment recovery strategy [26].



Before employing ecobinders to make mortar, it is important to understand TC’s geotechnical characteristics. Different forms of TC necessitate different ecobinders in terms of type and quantity. The usage of the ecobinder is also affected by the presence of contaminants. The presence of a high amount of organic matter content, for example, might cause problems with cement hydration, and the presence of acidic substances can lower the pH of trench-cutting and, hence, stymie pozzolanic reactions [27]. Trench-cutting may be unfeasible from an economic standpoint due to the demand for a huge volume of hydraulic binders. Figure 9 depicts natural samples gathered from each location. Table 4 outlines the geotechnical tests performed on TC prior to determining if it could be utilized as a self-placing mortar after being treated with an ecobinder.



MTC had the largest diameter of 12 mm (crushed and sieved by Mac-H) while NTC was only sieved (manually), keeping the maximum diameter at less than 20 mm. The geotechnical properties determined using the French standard are tabulated in Table 5.



The characteristics of the TC from the Angers site have not been examined because of a lack of debris. All that can be said is that the Anger cuttings were collected from the urban pavement and contain grave bitumen (4 cm) mixed with gravel (0/40 mm) and silts in layers of depths. The trench cutting from Angers visually provide similar disruptions as of Villeray. The aim of mechanically studying Angers TC is to strengthen the results from other sites.



TC from Yzernay (both MTC and NTC) belongs to soil class A1, while the TC from Villeray belongs to soil class A2 according GTR classification [28]. Soil class A2 is for clay-clay sands, silts, clays, and marbles with little plastic arenes, while soil class A1 is for silt, little plastic, loess, alluvial silts, fine sands, and little polluted arenes, as explained by GTR (2000) [28].




2.4. Mix Design for SCM


The idea of producing self-compacting mortar (SCM) first appeared in Japan in 1986. Indeed, Japan was the pioneer in the development of this new technique [6]. SCM offers a wide range of possibilities for very interesting uses in several fields, including the construction, reinforcement, and repair of structures: application of thin films in places of difficult access; construction of prefabricated elements with high strength; molding; and the development of concrete for any use (concrete poured under water for repairs, confined concrete, piles, etc.) [29].



The depth of the trenches is limited to 0.5 m and their width should not exceed 25 cm. The small width of the trenches limits the consolidation process of mortar. Therefore, a laboratory approach is recommended to understand the behavior of self-compacting mortar in the small trenches.



The consistency class of mortars made by mixing TC and ecobinders could be defined using a slump test. The cone is filled with the mortar in two layers by pushing each layer 25 times with the iron rod, and the cone is then removed vertically upward to observe how much material sagged after the removal of the cone (Figure 10).



Depending upon the results of sagging in millimeters, the consistency of the mortar can be defined using standard NF EN 206 (Table 6).



French standard NF EN 12350-2 defined the size of the standard cone (cone of Abrams). To understand the scale effect, two different cones were used to determine the consistency class of mortar. By examining the experimentation results, it was proved that there is no scale effect as long as long as both cones have the same dimension ratio.


h1/h2 = D1/D2 = d1/d2



(2)







Within NTC, some big boulders and every gravel of sizes greater than 20 mm have been removed by sieving. On the other hand, for MTC, big boulders and all types of gravels became crushed by Mec-H and a final diameter of 12 mm has been obtained. Water content needed for the mortar made from each TC to have S5 consistency class is listed in Table 7.





3. Results


3.1. Testing Results for Yzernay TC


Yzernay soil has been extracted from the side of a road; hence, it can be considered as a rural trench cutting (RTC). The Mec-H mobile production (Figure 11) unit is in operation along a departmental road in the rural zone for the installation of a flexible pipe for a water network.



YZE-N-01 and YZE-N-02 were mixed together and termed YZE-N. All upcoming testing was performed on YZE-N. The UCS, tensile strength, and CBR results for Yzernay TC after mixing with all three types of binders are presented in Figure 12.



In comparison to A1 and A3, Yzernay TC treated with A2 ecobinder produced better results. Because the IPI index at optimal water content (wopt) is greater than 50, UCS at 28 days is greater than 2 MPa, and the material class is S2; this mortar can be reused in road building.



NTC and MTC are to be compared in this section to understand the benefits of crushing and sieving using the Mac-H mobile production unit. As A1 and A3 are not efficient, the mechanical parameters will be compared for NTC and MTC using only the A2 ecobinder (Figure 13). The two samples from machine TC were combined because they had nearly identical characteristics and were given the name YZE-M. Figure 13 shows the test findings for YZE-M.



When compared to the mortar manufactured with NTC, the MTC mortar produces somewhat superior outcomes. This is due to the rocks that were crushed in MTC, which resulted in decreased clay percentage. Of effect, the organic matter content is an undesirable component in a construction material [28] as it interferes with the hydration of cement. Furthermore, an abundance of clay is not conducive to cement hydration. MTC reduces the relative percentage of these two components, which could explain a little increase in mechanical characteristics. In addition, an increase in the cementing agent, carbonates, was detected (Table 8), which is linked to an increase in mechanical characteristics.




3.2. Testing Results for Villeray TC


The TC in this section is from a trench site operating on the side of a road for gas pipeline installation. Both Yzernay and Villeray TC were classified as RTC because they were excavated from the side of a road. It has already been determined that the A2 ecobinder is particularly effective for various types of TC. The question now is how much binder should be used to achieve the maximum possible strength for this type of TC. Four combinations have been proposed for SCM optimization. The ecobinder (A2) dosage was gradually increased by weight from 10% (ref. FA) to 12% (ref. FB), 14% (ref. FC), and 16% (ref. FC) (ref. FD). The water content of each formulation was kept constant. The outcomes of the testing are presented in Figure 14.



It can be seen that until 14 percent of ecobinder A2, there is a gradual increase in UCS, followed by a sharp decrease. The fact that there is still an unreactive ecobinder due to its high percentage could explain the sudden decrease in UCS (FD).




3.3. Testing Results for Angers TC


FA and FC produce better results than FB and FD. FA has a greater initial day UCS value, but FC has the highest UCS value at 21, 28, and 60 days. Using prior results as a guide, this section will only look at the 10 percent and 14 percent binder dosages, but with different TCs extracted from the Angers site. Angers TC will be tested with 10% (ref. NA) and 14% (ref. NC) of A2 ecobinder to obtain a firm idea which percentage is better in terms of mechanical as well as an economical point of view. Figure 15 provides unconfined compressive strengths for Angers trench cutting with the addition of 10% and 14% of ecobinder A2.



It can clearly be observed from Figure 15 that NC (14% binder dosage) provides better UCS values each day compared to NA (10% binder dosage) but is not very economical.




3.4. UCS Measurements with Non-Destructive Testing (NDT)


On the same samples that were subjected to destructive UCS testing in the Controlab press machine, non-destructive testing was performed beforehand by utilizing a PUNDIT portable instrument. SCM was prepared and tested for trench cuttings from Yzernay via both methods to understand the scope and accuracy of the NDT method. Strength values from the Controlab® press machine (destructive method) were termed as UCS, and ultrasonic resistance values were represented by UPV (Ultrasonic pulse velocity).



The aim of double testing (destructive and non-destructive) on same samples was to increase the reliability of the compression resistance values. There is a very good agreement between the compressive strength and ultrasonic pulse velocity resistance. It can be observed from the results that the NDT method is reliable and provides results very close to destructive methods, as illustrated in Figure 16. A slight overestimation is observable. Figure 17 explains the relation between UCS (compression strength through direct method) and UPV (compression strength through indirect method) for YZE + A2.





4. Conclusions


This research study on self-compacting mortar made from industrial byproducts (slags and fly ash) with only a trace of clinkers in the A2 binder suggests that trench cuttings can be recycled. It also demonstrates the difficulties in developing an appropriate formulation to achieve acceptable SCM strength performances using both destructive and non-destructive methods. Factors such as humidity, aggregate size, binder composition, and trench cutting structure can all contribute to this difficulty. Further research is required to refine the formulations obtained by considering the various parameters influencing the strength and workability of self-compacting mortar.



Moreover, with respect to the use of ecobinders for the trench cuttings tested, the following has been observed:




	-

	
Considering SCM at 10% A2, strengths increase with time for YZE-N as well as YZE-M mixtures. Both TCs treated with the A2 ecobinder produced a UCS above 2 MPa at 28 days. The IPI index and concrete class for YZE-N and YZE-M confirm the suitability of these TCs to be reused as base layers as well as sub-base layer in road construction.




	-

	
At 28 days, resistance to VIL-N was marginally reduced, which might be explained by the fact that the mortars had not yet hardened completely and still included some water. From a young age to the 28th day, these SCM do not reach the necessary resistance of 2 MPa. At 10% of ecobinder A2, the UCS value for ANG-N (NA) reached 1.99 MPa after 28 days.




	-

	
Both VIL-N and ANG-N have greater UCS growth when SCM is at 14 percent of ecobinder A2. It is true that VIL-N UCS does not reach 2 MPa after 28 days, but it is close enough to what was confirmed after 60 days. ANG-N (NC), on the other hand, produces a UCS more than 2 MPa at 28 and 60 days.




	-

	
Finally, when comparing SCM samples at 16 percent A2, the UCS values remain very low compared to SCM samples at other proportions. This is due to an excess of un-reacted binder.









In general, employing these environmentally friendly binders instead of standard hydraulic binders to reuse trench cuttings to refill the same trench is no longer out of reach. TC obtained from trenches made on the road or side of road in both rural and urban areas treated with ecobinders proved to be suitable material for sub-base layers as well as base layers in road construction; therefore, they can efficiently refill the same trenches.
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Figure 1. The combined mobile production unit for trenches (part A) and excavated material reprocessing unit (part B). 
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Figure 2. Linear excavated soil management model vs. circular excavated soil management model. 
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Figure 3. Excavated soils recovery process (RTC = rural trench cuttings; UTC = urban trench cuttings). 
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Figure 4. Raw material particle size distribution. 
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Figure 5. Different configurations for two transducers. 
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Figure 6. Press-machine (left), flexural test (right top), and compression test (right bottom). 
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Figure 7. Scheme of road section and recommended engineering characteristics (SETRA-LCPC, 1998 [23]). 
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Figure 8. NTC (left) and MTC (right) from Yzernay site. 
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Figure 9. Visuals of all three natural trench cuttings. 
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Figure 10. Sagging in slump test. 
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Figure 11. The Mec-H mobile production unit on Yzernay site. 
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Figure 12. UCS and tensile strength results for Yzernay TC mortar with all three ecobinders. 
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Figure 13. Comparison between NTC and MTC from Yzernay site. 
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Figure 14. Effects of increase percentage of ecobinder on Villeray TC. 
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Figure 15. Angers TC testing for 10% and 14% of A2. 
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Figure 16. UCS and UPV values for YZE-N self-compacting mortars. 
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Figure 17. UPV-UCS relation for self-compacting mortars with raw Yzernay trench cuttings. 
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Table 1. Composition of ecobinders used in the study.
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	Commercial Name
	Composition





	Binder A1
	95% FA

5% additives



	Binder A2
	75% GGBS

20% clinker

5% additives



	Binder A3
	50% lime

45% GGBS

5% additives
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Table 2. Physio-chemical characterization of the materials.
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Material

	
SiO2

	
Al2O3

	
Fe2O3

	
K2O

	
CaO

	
MgO






	
Chemical characteristics (part per million)

	
GGBS

	
37.00

	
10.80

	
-

	
-

	
43.00

	
7.10




	
FA

	
46.81

	
20.45

	
7.09

	
4.35

	
12.52

	
3.12




	

	

	
pH

	
* SSA (cm2/g)

	
** AI (%)

	
d10 (µm)

	
d50 (µm)

	
d90 (µm)




	
Physical characteristics

	
GGBS

	
9.8

	
4005.80

	
98

	
0.54

	
11.58

	
35.39




	
FA

	
10

	
1811.50

	
70–80

	
1.95

	
24.66

	
229.00








Note: * SSA stands for specific surface area while ** AI is the activity index at 28 days as per French standard NF EN 196-1.
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Table 3. Location and reference of each sample.
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	Sample Location
	Coordinates
	Sample Reference
	Number of Samples





	Yzernay
	47°01′46.0″ N 0°41′23.0″ W
	YZE-N
	2



	Yzernay
	47°02′02.0″ N 0°41′01.0″ W
	YZE-M
	2



	Villeray
	48°10′39.4″ N 1°24′59.6″ W
	VIL-N
	2



	Angers
	47°29′11.8″ N 0°33′48.7″ W
	ANG-N
	1
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Table 4. Geotechnical properties testing standards.
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	Type of Test
	Methods and Tests
	Test Standards
	Findings





	Water content
	By heating in oven
	NF P94-050
	W (%)



	Density
	Helium gas pycnometer method
	DIN 51913
	γs (g/cm3)



	Sieve analysis
	Laser diffraction method
	ISO 13320-1
	Cu, Cc



	Clay contents
	Methylene blue adsorption ability
	NF P94-068
	MBV (g/100 g)



	Atterberg Limits
	Liquidity at the cup/plasticity with a roll
	NF P94-051
	LL, PL, PI, CI (%)



	Compaction
	Material compaction references:

miniature Proctor test
	NF P94-093
	dOPM, wOPM



	Organic matter
	Calcination method
	NF XP P94-047
	OM (%)



	Carbonates
	Calcimeter method
	NF P94-048
	CaCO3 (%)
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Table 5. Geotechnical characterization of each trench cuttings.
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	Parameters
	YZE-N-01
	YZE-N-02
	YZE-M-01
	YZE-M-02
	VIL-N-01
	VIL-N-02





	Water content, wn (%)
	16.18
	14.60
	6.16
	3.73
	14.99
	10.73



	Dry density (g/cm3)
	2.55
	2.61
	2.59
	2.61
	2.49
	2.50



	Dmax
	<20 mm
	<20 mm
	12 mm
	12 mm
	<20 mm
	<20 mm



	Size under 80 μm
	>35%
	>35%
	>35%
	>35%
	>35%
	>35%



	Size under 2 mm
	>70%
	>70%
	>70%
	>70%
	>70%
	>70%



	Curvature coefficient Cc
	1.25
	1.29
	0.82
	0.83
	1.46
	1.47



	Coefficient of uniformity Cu
	24.96
	22.08
	24.64
	28.46
	20.97
	24.51



	MBV (g/100 g)
	1.24
	1.41
	1.42
	1.31
	1.57
	1.28



	PI (%)
	11.16
	11.50
	10.34
	7.78
	16.22
	15.85



	Optimal dry density, (g/cm3)
	1.83
	1.95
	1.90
	1.99
	1.83
	1.86



	Optimal water cont., wopt (%)
	16.38
	17.00
	18.22
	17.96
	14.97
	15.00



	Avg. Organic Matter (%)
	3.25
	3.23
	1.57
	1.61
	5.54
	5.65



	Avg. Carbonates (%)
	0.76
	0.73
	2.17
	2.16
	0.60
	0.61
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Table 6. Slump test cone parameters utilized to understand SCM.
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Consistency Class

	
Sagging (mm)




	
Cone of Abrams: Height (h1) 30 cm, Base Diameter (D1) 20 cm, Top Diameter (d1) 10 cm

	
Small Cone: Height (h2) 12 cm, Base Diameter (D2) 8 cm, Top Diameter (d2) 4 cm






	
S1: Firm

	
10–40

	
4–16




	
S2: Plastic

	
50–90

	
20–36




	
S3: Very Plastic

	
100–150

	
40–60




	
S4: Fluid

	
160–210

	
64–84




	
S5: Self Compacting

	
≥220

	
≥88
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Table 7. Amount of water needed to make each mixture a SCM.
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TC

	
Ecobinder

	
Binder Amount (%)

	
Water Content to Make SCM (%)






	
YZE-N-01

	
A1

	
10

	
41.31




	
A2

	
10

	
43.00




	
A3

	
10

	
40.21




	
YZE-N-02

	
A1

	
10

	
40.98




	
A2

	
10

	
44.60




	
A3

	
10

	
42.00




	
YZE-M-01

	
A1

	
10

	
35.99




	
A2

	
10

	
40.66




	
A3

	
10

	
36.68




	
YZE-M-02

	
A1

	
10

	
36.05




	
A2

	
10

	
40.12




	
A3

	
10

	
35.33




	
VIL-N-01

	
A1

	
10

	
42.20




	
A2

	
10

	
48.20




	
A3

	
10

	
41.98




	
VIL-N-02

	
A1

	
10

	
42.00




	
A2

	
10

	
47.62




	
A3

	
10

	
42.00




	
ANG-N-1

	
A1

	
10

	
40.00




	
A2

	
10

	
39.10




	
A3

	
10

	
38.90
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Table 8. Mineral composition of each TC.






Table 8. Mineral composition of each TC.





	Minerals
	YZE-N
	YZE-M
	VIL-N





	Clays (%)
	5.5
	6
	7.5



	Silt Fine (%)
	33
	22
	25.5



	Silt Coarse (%)
	19
	20.5
	22.5



	Sand Fine (%)
	20
	19
	30



	Sand Coarse (%)
	22.5
	32.5
	14.5



	Carbonate content (%)
	0.76
	2.16
	0.59



	Organic matter (%)
	3.24
	1.62
	5.67
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