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Abstract

:

This paper examined the opportunities of composite double-layer grid superstructures in short-to-medium span bridge decks. It was empirically shown here that a double-layer grid deck system in composite action with a thin layer of two−way reinforced concrete slab introduced several structural advantages over the conventional composite plate-girder superstructure system. These advantages included improved seismic performance, increased structural rigidity, reduced deck vibration, increased failure capacity, and so on. Optimally proportioned space grid superstructures were found to be less prone to progressive collapse, increasing structural reliability and resilience, while reducing the risk of sudden failure. Through a set of dynamic time-series experiments, considerable enhancement in load transfer efficiency in the transverse direction under dynamic truck loading was gained. Furthermore, the multi-objective generative optimization of the proposed spatial grid bridge (with integral variable depth) using evolutionary optimization methods was examined. Finally, comprehensive discussions were given on: (i) mechanical properties, such as fatigue behavior, corrosion, durability, and behavior in cold environments; (ii) health monitoring aspects, such as ease of inspection, maintenance, and access for the installation of remote monitoring devices; (iii) sustainability considerations, such as reduction of embodied Carbon and energy due to reduced material waste, along with ease of demolition, deconstruction and reuse after lifecycle design; and (iv) lean management aspects, such as support for industrialized construction and mass customization. It was concluded that the proposed spatial grid system shows promise for building essential and sustainable infrastructures of the future.
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1. Introduction


Skeletal space structures are composed of a highly redundant set of elements, arranged in the form of single-, double-, or triple-layer flat grids, braced barrel vaults, and braced domes. These systems have been used extensively to cover large spaces [1,2,3]. They were extensively used to aid with the reconstruction needs after World War II due to their reduced material consumption, ease and speed of fabrication and erection, high structural redundancy, and economical mass production through industrialization. Later, attributed to the change in construction demands, the advent of emerging construction methods and materials [4,5], and advancements in digitization and computational technologies [6,7,8,9], spatial structures were used to create innovative structural forms with unique geometric characters, such as free-form structures [10,11]. This latter property together with lean manufacturing principles [12,13] paved the path for the possibility of utilizing spatial structures for mass customization efforts in the construction industry [14,15].



In terms of bridges, planar truss bridges with steel or cast−iron beam elements have been built since the Industrial Revolution due to durability, ease of assembly, and erection. In fact, some efforts in terms of fatigue considerations, seismic response, and lifecycle extension through design for planar truss bridges were reported in [16,17,18], respectively. However, the application of 3-dimensional (3D) modular and lightweight skeletal spatial structure systems for fast construction, durable and circular bridge infrastructures was not investigated outside of the work of the authors [19,20,21]. To this end, this study investigated the potentialities of skeletal space structures in relation to a largely disregarded area of application, namely, short to medium-span bridge superstructures. This study aims to capitalize on the many advantages of 3D modular skeletal spatial structure systems, such as low weight, high structural redundancy and reliability, and mass customization in bridge superstructures. In particular, this study focuses on the advantages of utilizing composite double-layer grid superstructure (CDLGS) over the common composite plate-girder superstructure (CPGS) in application areas where little attention was given [19,20,21]. While the proposed deck system can be adopted irrespective of the bridge typology, here, the feasibility of utilizing modular CDLGS as an alternative to traditional beam bridge structures (the CPGS) was investigated. This study extends on the preliminary investigations of the authors, presented at the 10th International Conference on Short and Medium Span Bridges 2018, by including: (i) new investigations on single and multi-span bridges; (ii) generative design optimization of a newly proposed variable depth integral CDLGS; and (iii) practical operation and management considerations, such as lean construction management, health monitoring and maintenance, and sustainability.



In this manuscript, through a series of experiments, it will be empirically demonstrated that the CDLGS (in different configurations; see Section 2.2) provides a viable alternative to the CPGS system improving important aspects, such as sustainability (e.g., embodied energy and Carbon), affordability, accessibility for infrastructure maintenance and management, ease of construction erection and disassembly, and potentiality for industrialization and mass production.




2. Bridge Decks Composed of Double Layer Grids and Reinforced Concrete Decking


2.1. Characteristics of the Proposed CDLGS


Short-span bridges have been built typically and in large numbers for years with the use of prefabricated reinforced and/or prestressed concrete beams or steel plate girders together with in-situ reinforced concrete topping to form a variety of composite construction decks. In this study, the CDLGS deck is proposed as an alternative to the typical CPGS composite beam bridges. The proposed CDLGS bridge is composed of a 3D double-layer spatial grid system, arranged using modular polyhedron members (e.g., rectangular/square pyramid, hexagonal pyramid, or tetrahedron) in composite action with a thin layer of planar reinforced concrete slab. Figure 1a shows the typical double-layer skeletal spatial structure grid modules with steel elements in the square pyramid arrangement used in this study. Figure 1b,c show the compressive test on a single module, and a 10 × 10 m2 double-layer grid, respectively. Here, the results of the mechanical behavior of these modules, reported in detail in [22,23], were utilized to realistically simulate and model the behavior of these modules. Figure 1d,e show examples of digital modeling of single-span and multi-span bridges of CDLGS nature, respectively.




2.2. Experimental Description


In the remainder of this section, a set of experiments were designed and completed. Among these investigations, first, the particulars of a single-span bridge were considered, and, then the general case of continuous superstructures was investigated. Furthermore, the impact of the number and length of spans, load transfer effects in traverse direction, and earthquake vertical component on the CDLGS and CPGS (benchmark) were examined. Finally, the topic of design optimization of a new variable depth-CDLGS bridge based on various important, but conflicting factors using the established evolutionary algorithm, called, non-dominant Genetic Algorithm (NSGA II) [24,25], was explored. In all cases, the modeling, finite-element analysis, and generative optimization were performed using Formian [26], SAP−2000 [27], and Matlab, respectively. Based on the computational and numerical analysis of the structures, their long-term mechanical behavior, construction management, and fabrication and erection considerations, along with related aspects of sustainability were discussed.



Figure 2 shows the digital models of the CDLGS and CPGS bridges of single, double, triple, and quintuple-span bridges. These models were utilized in different configurations, such as span lengths throughout the experiments (more details on the configurations can be found in each experiment). Table 1 provides the summary of the areas of application, and metrics of validation used for comparison and analysis.




2.3. Single Span Bridges with CDGLS Deck System


Here, we refer to Figure 1d and Figure 2a and examine how a double-layer grid system in composite action with a rather thin layer of reinforced concrete decking can make a considerable difference. For the sake of comparison, we consider a customary type of single-span bridge superstructure consisting of plate girder stringer beams in composite action with a concrete slab, as our benchmark bridge.



2.3.1. Experiment Setup


A series of beam and slab bridges were designed as typical bridges with different numbers of spans and span lengths and were built with minimal modifications across the country of Iran. Here, two single-span benchmark bridges with different span lengths of 22.5 m and 30 m have been considered. The bridges consisted of 1560 mm and 2060 mm deep plate girder stringer beams located at a center-on-center distance of 1800 mm with 200 mm reinforced concrete slab decking. Adopting a normal design practice under the AASHTO standard practices [28,29], while satisfying the Code of Practice for Space Structures [30], a square on square regular rectangular double layer grid consisting of 1760 mm typical pyramidal units was designed for the 22.5 m span bridge. For the 30 m span bridge, the module dimension was taken as 2380 mm. Here, the module dimension applies to the longitudinal and transversal subdivisions as well as the center-on-center distance of the top and bottom layers. With the consideration of the two-way action of the continuous slab deck resting on rather small modules, it was required to take a slab thickness just sufficient for punching shear. The deformed shape of the single-span and two-span CDGLS deck system is schematically presented in Figure 3 for reference.




2.3.2. Result of Comparison with Benchmark Deck


The results of the comparison may be surprising to many bridge engineers. Consider the case of two-stage analysis, design, and construction of the system consisting of the following stages:




	
Stage (1): where the double layer grid should bear its own weight plus the weight of fresh concrete and probable additional construction loads, followed by;



	
Stage (2): in which the composite system after the hardening of concrete should resist any additional dead weight of paving, piping, guard rails, etc., together with live loads on the bridge.








Using the double−layer composite grid system, the weight of steel was reduced to about 43% of the benchmark bridge in the case of the 22.5 m span bridge and to 39% of the original in the case of the 30 m span bridge. Also, live load displacements were reduced by 20% for the 22.5 m and by 28% for the 30 m models [20,21,31] and thus the chance of deck vibration usually observed in composite beam and slab bridges will be reduced. It is quite an easy task to introduce an initial camber to the double−layer grid to limit displacements even further. Optimizing the distance between the transverse grid lines can also lead to a more reduced weight.



Now that the proposed system allows the use of a 120 mm reinforced concrete deck slab in place of the 200 mm slab used in the benchmark bridges, the reduction in concrete consumption of decking becomes 40%. Moreover, if the situation allows the construction of the composite double-layer grid on an elevated ground at one side of the bridge site to be pushed to position with the use of a front runner truss, or the condition permits supporting the space grid temporarily by scaffolding until the concrete hardens, the weight of space grid will be reduced further. In this case, the steel material consumption would be about 33% and 27% of the original benchmark bridges for 22.5 m and 30 m long-span bridges respectively. Here, due to the 3D nature of the behavior of the system, the lateral distribution of concentrated loads acting asymmetrically is much improved compared with the customary beam and slab bridges [32]. Also, due to high redundancy, well-proportioned space structures are less prone to progressive collapse and provide much higher reliability in design, reducing the risk of sudden failure [23,33].





2.4. Extension to Continuous Superstructures Supported by Reinforced Concrete Bents


Assume that a composite double−layer grid system, as discussed above, is now employed as a deck system for a rather regular continuous multi-span bridge, supported by reinforced concrete bents, as shown in Figure 1e. Here, to avoid any complications, the depth of the double-layer grid system is taken as constant. Further assume that the superstructure is supported on elastomeric bearings allowing longitudinal movements, except at an abutment and/or selected piers, but constraining the lateral displacement of the deck to the supporting bents at the locations of supports. Now consider the component of ground motion in the transverse direction. For such regular bridges, it is customary in preliminary design to carry out a preliminary equivalent static analysis, according to AASHTO [28], for non-busy highway bridges, the earthquake forces are considered to be proportional to the dead weight of the bridge.



2.4.1. Weight Reduction Compared to Benchmark


The dead weight of such a composite double−layered grid has been found to be about 30–40% of the customary beam and slab system consisting of composite plate girders with 20 to 30 m long spans. This will be even more pronounced in comparison with voided slab-reinforced concrete superstructures. Accordingly, the equivalent static earthquake forces will be reduced substantially.




2.4.2. Seismic Response Compared to Benchmark


If we keep the stiffness of the bents as it was in the customary bridge, due to lesser mass, the period of vibration will also be reduced. However, in actual practice, the designer proportions the stiffness of the bent accordingly. Hence, an increase in the related response coefficient due to a reduction in period is not expected to be as influential as the effect of a considerable reduction of the dead load. With the consideration of the soil condition and the influence of soil-structure interaction, we still expect a considerably lesser equivalent static earthquake force in our preliminary design. The seismic behavior of bridges with double-layer grid superstructures were studied compared to conventional beam and slab bridges considering 3- and 5-span bridges with 22 and 44 m equal span lengths [34]. The time history analysis results were carried out under the action of 11 recorded time histories of severe earthquakes scaled to values of fractions of the gravitational acceleration, g, (i.e., 0.3 g, 0.5 g, and 0.7 g). For instance, Figure 4a–c show the results of the base shear in the transversal direction for the 0.3 g, 0.5 g, and 0.7 g magnifications of the Tabas earthquake, respectively.



The results demonstrated that the averages of the maximum values of the base shears in the lateral direction for bridges with composite double-layer gride superstructures were considerably less than those of the corresponding composite plate girder string beam and slab bridges. To exemplify, considering the 3- and 5-span bridges with equal spans of 44 m, the maximum calculated average base shears in the lateral direction for the bridges with composite double-layer grid superstructures were found to be, respectively, 42% and 51% less than those of the bridges with steel beam and slab superstructures. Indeed, the lower dead load of the composite double-layer superstructure in association with the resulting reduced seismic response will combinatorically lead to a considerable reduction in the dimensions of the piers and foundations as well, leading to much lower construction costs and efforts. Since the upper layer of the superstructure is acting together with the reinforced concrete slab, their slenderness is not of concern. By limiting a few compression members in the vicinity of supports, controllable stiffness, and ductility can be achieved.





2.5. Impact of Number and Lengths of Spans


2.5.1. Experiment Configuration


Additional investigations focused on increasing the bridge span from one to three spans with identical widths of 12 m while considering four separate span lengths of 20, 26, 32, and 40 m. The 2- and 3-span continuous bridges were supported by reinforced concrete bents through appropriate elastomeric bearings. The concrete topping slab was 200 mm thick, however, as discussed, the slab thickness could be reduced due to the two−way slab action of the CDLGS. This two-way slab action reduces the dead load demand and consequentially reduces the consumed concrete. Here, steel class ASTM A615 [35] along with normal strength concrete with characteristic compressive strength [36] of 300 N/mm2 was assumed in all cases. The configurations used for the CPGS and CDLGS were as follows:




	
CPGS bridge configurations: The lateral distance between the stringer beams was taken at 2 m and, the heights of plate girders were taken as 1/20 of the span lengths. The longitudinal distance between the transverse vertical diaphragms for the CPGS was between 5 to 6 m.



	
CDLGS bridge configurations: The transversal subdivisions were considered at 2 m and the longitudinal subdivisions were equal to 2, 2.6, 3.2, and 4 m for the 20, 26, 32, and 40m span bridges, respectively. Three different ratios of the heights of superstructures to span lengths of 1/12.5, 1/15, and 1/17.5 were investigated for each span length (a total of 12 cases).









2.5.2. Weight Reduction Compared to Benchmark


It was observed that the rigidity of the deeper CDLGS was higher than CPGS. Furthermore, in all cases, the maximum live load displacements of the CDLGS were well below the permissible live load displacements specified by AASHTO [28]. In terms of material consumption, the results can be summarized as follows:




	
Single-span bridges: The reduction in steel material consumption was calculated as 33%, 36%, 40%, and 43% for the 20, 26, 32, and 40 m bridge spans, respectively.



	
Two-span bridges: The weight of steel reduction was higher, ranging from 45%, 47%, 50%, and 52% for 2 × 20, 2 × 26, 2 × 32, and 2 × 40 m span bridges, respectively.



	
Three-span bridges: The reduction was even higher ranging from 47%, 50%, 52%, and 56% for 3 × 20, 3 × 26, 3 × 32, and 3 × 40 m span bridges, respectively.








In the range of span lengths under investigation, it was observed that the weight of steel per unit area of superstructure increased almost linearly as the span length increased for both systems. The rate of increase of material, however, was considerably smaller in the CDLGS, compared to the CPGS. As such, the use of the latter benchmark system becomes inefficient for larger spans. Furthermore, it was observed that as the span length and the number of spans increased, greater saving in steel consumption was achieved. Through deductive reasoning, it is, hence, expected that the higher the number of spans of a continuous CDLGS system, the greater the material reduction compared with the corresponding benchmark bridge.





2.6. Load Transfer in the Traverse Direction


2.6.1. Experiment Configuration


Through a series of static and dynamic vibration analyses, the present section investigated the load transfer efficiency of CDLGS under passing truck loading to AASHTO [28]. The widely used CPGS was employed as a benchmark for comparison. The HL-93 truck passing through the dark−blue lane, shown in Figure 5a is utilized. As a point of reference, the ratio of the weight of the HL-93 truck (roughly 33 tons) to the weight of the designed CDLGS (roughly 193 tons) was around 17%. Furthermore, Figure 5a, the plan view of Figure 2c, shows the two points that were chosen to assess the load transfer capabilities of both systems in the transverse direction. One of the points, Point 1, was a mid-span point lying under the longitudinal axis of the passing truck, and the other, Point 2, was selected at the mid-span of the bridge near the unloaded edge of the superstructure. The linear elastic dynamic analysis was performed for the extreme vehicle speed of 40 m/s. For the composite steel-concrete constructions in the analysis, the damping ratio of 0.04 was considered.




2.6.2. Load Transfer Efficiency Compared to Benchmark


Figure 5b,c show the results of the load transfer efficiency test, represented by the deflection time-series of the two considered points for the CPGS and CDLGS, respectively. By virtue of its nature, the displacement in Point 1, which is directly beneath the truck’s path, is larger than that of Point 2. As observed from the amplitude of the deflections, the load transfer efficiency in the transverse direction of the CDLGS is far superior to the benchmark, CPGS with intermediate vertical diaphragms.





2.7. Effect of the Vertical Component of Earthquake Ground Motion


2.7.1. Experimental Setup


Here, this effect was investigated by performing the pushover as well as the nonlinear dynamic analyses on both the CDLGS and CPGS systems. Single-span and two-span bridges (Figure 2a,b) with 20, 30, and 40 m span lengths were considered for the analysis. The superstructure width was taken as 10 m in all cases. ASTM A283 steel was used in all cases. The following configurations for CDLGS and benchmark CPGS were taken:




	
CPGS bridge configurations: The span-to-length ratio was considered as 20. The side-by-side distance of the stringer beams was 2 m. The slab thickness was calculated as 180 mm and taken as 200 mm for the analysis to account for the one-way behavior and arching action in CPGS bridges. The distance between the transverse vertical diaphragms was set as 5 m in all cases for the CPGS.



	
CDLGS bridge configurations: The span length to depth ratios were taken as 16. Regular 2 × 2 m modules (Figure 1a) were employed. The slab thickness was calculated as 120 mm controlled by punching shear, however, increased to 150 mm to preserve practicality and durability.









2.7.2. Space Grid CDLGS Member Modelling


Figure 6a provides the idealizations for each space grid member. The members were defined as a combination of a three-node line-element with the capability of geometric nonlinearity at the middle node along with two linearly elastic beam elements where each end was defined as hinged. The choice of such member modeling was made as a result of a study on the suitability of a number of models [23,30,33]. A practical range of values of the slenderness ratios, were considered (i.e., 50, 80, 120 and 200). Joint flexibility was adopted through [21]. A Formax [26,37] approach to sub-structuring, presented in [23,33] was adopted, which is shown suitable for modular structures, such as the CDLGS. The member’s initial imperfection was modeled through the introduction of the initial eccentricity    e 0   , shown in Figure 6b. The influence of the eccentricity on the load-displacement response curve of a member is shown in Figure 6c as reference. For this, a bilinear material model along with a damping ratio of 0.04 for the composite steel-concrete constructions under investigation were considered.




2.7.3. Nonlinear Static Analyses Results


First, a pushover analysis under displacement control conditions that preserve the fundamental mode (dominant) of vibration in the vertical direction was performed. To consider the cyclic nature of continuous load reversal in actual earthquake excitations, the following two cases were considered:




	
push from the top towards the bottom, in which the incremental loading was applied in the same direction as the gravity loading (Figure 7a); and



	
push from the bottom towards the top, in which the incremental loading was applied in the opposite direction of the gravity loading.








Figure 7b represents the results of the pushover analyses for two span superstructures with 20, 30, and 40 m span lengths in terms of the capacity (in excess of the dead loads) versus maximum vertical displacement near the midspan. Focusing on strength, stiffness, and ductility, single-span bridges behaved well. However, the bottom layer members in two-span bridges required strengthening in the vicinity of the middle piers when exposed to push from top to bottom (case 1). This was solved by restricting (increasing) the slenderness ratios for these members. Furthermore, no strengthening was required at and near the middle support for the case when pushing was applied from the bottom towards the top (case 2). This was attributed to the presence of compressive concrete at the middle support after counteracting the gravity loading. Finally, it was observed that the superstructure could undergo sufficient plastic deformation considering: (i) the composite action of the top layer of the space grid with the reinforcing steel of the concrete slab-even after concrete cracking-, while (ii) the bottom layer performed acceptably well by limiting the member slenderness ratios to achieve a controllable ductility.




2.7.4. Nonlinear Dynamic Analyses Results


A series of nonlinear time history analyses were carried out under the application of the vertical component of earthquake excitation for all bridge configurations introduced in Section 2.5.1. Identical excitation was assumed at all the supports. The corresponding analysis was performed under the Kobe earthquake data with the peak acceleration in the vertical direction of 0.43 g, where g is the gravitational acceleration. Sample results for 40 m long two-span CPGS (benchmark) and CDLGS bridges are shown in Figure 8a,b, respectively. It was observed that the maximum calculated displacement amplitude in the case of the CDLGS was 55% of the corresponding value for the CPGS. Similarly, the maximum stress range of members of the CDLGS was found to be considerably smaller than that at critical locations of the sample CPGS design.





2.8. Multi-Objective Design Optimization


So far, it was observed that the application of the composite double-layer grid superstructures (CDLGS) as short to medium-span bridge superstructures led to a desirable overall behavior compared to the conventional CPGS. During the current investigations, the authors found that the benefit will be even more pronounced in skewed bridges. Further improvements will be gained by adopting variable depths along the double-layer grid [38]. Figure 9a shows a sample 3D design of such bridges consisting of variable depth composite grid superstructure with integral spatial grid piers, hereon referred to as the integral variable depth composite double layer grid system (IVD-CDLGS). The goal of this section is to optimize the design of the IVD-CDLGS using NSGA II to satisfy multiple (and conflicting) objectives, namely, weight (representing embodied energy and Carbon [39,40,41]), fundamental frequency, strain energy, and cost of construction. In this case, the fundamental frequency must be maximized, while the weight, strain energy, and construction cost must be minimized.



2.8.1. Design Optimization Setup


Figure 6b shows the nine (9) decision variables for the multi-objective optimization. The size of the bridge in terms of height and length of spans (for the three spans) were taken (fixed) as 20 and 25-50-25 m, respectively. Amongst the nine (9) decision variables used, two, namely,  k  and  l , were integers. The range and constraints of these variables are as follows:


   {          4 ≤  r   b 3    ≤ 6       0.5 ≤  r   b 1    ,  r   b 2    ≤  r   b 3          1 ≤  h c  ≤  (  20 −  r   b 3     )  .0.8           1 ≤  r   c 2    ≤ min  (   r   c 3    ,  r   c 1     )            2 ≤  r   c 3    ,  r   c 1    ≤ 10       10 ≤ k ≤ 60    (  i n t e g e r  )        3 ≤ l ≤ 10    (  i n t e g e r  )            ,  



(1)







Given the multi-objective nature of the problem, and the complexity of the decision variables, traditional and deterministic gradient-based minimizations will fail since a single optimum solution may not be available. To this end, the NSGA II heuristic evolutionary multi-objective optimization was utilized to generate many Pareto optimal solutions (also referred to as Pareto Front). Here, 100 Pareto front solutions were generated using the NSGA II algorithm.




2.8.2. Design Optimization Results


Figure 10 shows the optimal solutions obtained from the NSGA II algorithm for the problem under consideration. Figure 7a shows the resulting design that maximizes the fundamental frequency (without considering the other objectives). Consequentially, Figure 10b–d shows the resulting designs that minimizes strain energy, weight of consumed material, and construction cost. Some visual interpretations of the results were made as follows. The design shape in Figure 10a suggests that the increase in the vertical divisions of the piers,  l , leads to optimal performance in terms of fundamental frequency. The shape in Figure 10b suggested that the performance in terms of strain energy improved when the number of subdivisions decreased, and the depth variation for both deck and piers increased. The design that minimized the weight (Figure 10c) demonstrated that the increase in the number of horizontal subdivisions while reducing the depth variation, can lead to less material consumption. Figure 10d shows that the length of installed members decreased when the depth variation and horizontal subdivisions increased. These observations also show that one single design cannot satisfy all objectives simultaneously. As such, with the assumption that all objectives have equal importance, the best design was found and shown in Figure 10e. This design has some properties from all the best individual designs, such as decreased depth variation, increased pier width, and so on.



As a point of reference, the modal eigenvalue analysis of the best overall design (Figure 10e) was performed and shown in Figure 11 for the first four mode shapes.






3. Discussions: General Construction and Functionality Considerations


Practical construction considerations of the proposed system in terms of corrosion, maintenance, inspection and health monitoring, fatigue behavior, erection strategies, industrialized mass production, quality control, economic development, and sustainability are discussed in the following.



3.1. Further Design Considerations


In the case of short bridges with short to medium length spans on closed abutments, the CDGLS is sufficiently stiff to prevent large lateral displacements. As such, the short CDGLS can act as an effective diaphragm in the plane of the deck without causing unwanted longitudinal support actions. In such cases, it may not be necessary to design the bents for lateral seismic actions. If the deck, however, is designed to move freely with respect to its supporting bents but kept restrained at both abutments against lateral movements, the abutments and their supports can be effectively designed to take the full lateral seismic forces. In such cases, considering the light weight of the superstructure by design, concerns may arise in relation to their performance under the action of wind against uplift, overturning, etc.; hence, the authors are currently investigating the behavior of such bridges under extreme wind conditions. The results obtained until now, particularly for aerodynamic optimization of the drag and lift coefficients, have been promising.




3.2. Corrosion


In this case, suitable strategies may be employed for different climatic conditions. Such space grids may be protected by painting or hot-dip galvanization of the members and joints during production and manufacturing. In severe conditions, stainless still may be used for susceptible and at-risk parts of the structure.




3.3. Maintenance, Inspection, and Health Monitoring


Ease of inspection and maintenance is an important advantage for taking timely preventive measures. Mechanical and Electrical facilities may be passed through the space between the double layers with no difficulties. Consequently, drainage is a simple task. Any required super-elevation can be accommodated in the design. Almost all parts of the structure are available for easy access for the installation of health monitoring devices, such as strain gauges, fiber optic sensors, and accelerometers, along with optical metrology for visual assessment [42] through smartphones and mobile laser scanners [43]. These devices can not only facilitate the development of digital twins [44,45] of the infrastructure in real-time (or near real-time) but also foster the incorporation of digital technologies within lifecycle civil integrated management (CIM) best practices [46,47].




3.4. Fatigue


The fatigue behavior of joints needs careful investigation. It seems that by means of conceptually sound design and detailing of joints the risk of fatigue failure associated with welded plate girder stringer beams could be reduced. Comprehensive programs of work should be conducted before any design recommendations can be given in that respect. In cold environments, the risk of brittle fracture increases, particularly when extraordinarily the temperature reduces to a value less than the material transition temperature. In damp and aggressive climates, special measures need to be taken to prevent or minimize the effects of corrosion fatigue and/or stress corrosion. The authors are currently conducting an experimental and numerical investigation of the fatigue behavior of a variety of space grid joints aiming at possible improvements to ensure the safe fatigue life of the bridge superstructure system under consideration.




3.5. Mass Production and Industrialization


In the mass production of typical bridges, urgently needed in developing countries to expand their infrastructure, there will be a need for an initial expenditure for the construction of a manufacturing plant to serve a decided area for a decided number of years. Hence, management decision-making should consider not only the initial cost but also the costs of normal activities and maintenance of the plant as well as the life cycle costs of the fabricated and erected projects. The immediate and short−term answer to the question of construction of just a small number of bridges along a single road is to choose one of the immediately available methods of construction of customary bridges. This is because in the framework of a single project, the initial expenditure and time required for the construction of the manufacturing plant may not be justifiable. As such, this must be decided on a much wider area of strategic planning for the development and extension of regional infrastructures. Using a realistic economic model, a simple analysis-accounting for the initial investment-will prevail over the economic advantage of the proposed double-layer grid system after a few years of production. For many countries, within strategic planning of the development of their infrastructures, value engineering, and target value design charrettes/workshops may be formed. Site selection for such production factories can be optimized within an initial feasibility study based on project demand and schedule. Each factory can be planned to serve a region and can be programmed to produce continuously in 3 shifts. Further capacity and location optimization [48,49,50] can be performed to satisfy multiple criteria, such as embodied energy, affordability, pace of construction, etc. using evolutionary optimization strategies, such as the NSGA II discussed in Section 2.6. Under efficient management, the initial expenditure per meter of the constructed deck falls sharply in a short period of time.




3.6. Quality Control


The possibility of applying the principles of industrial management, total quality management [51], operational research, and facility management in a production line will be a great advancement over the tedious cutting and welding of plate girders and their stiffeners on-site for which under the best quality control procedures, weld deficiencies, and distortions the problem may persist. Further quality control strategies may include the utilization of optical metrology devices, such as laser scanners, coupled with advanced, automatic, and reliable structural recognition techniques from point clouds [52,53,54,55] to control the quality of built modules in the manufacturing plant, before they are shipped to site. These strategies have already been shown to be effective in the quality control of mass-customized pipe and flange modules in the Canadian oil and gas industry [56].




3.7. Economic and Affordability Considerations


Regarding the considerable savings in material consumption, ease and speed of fabrication and erection, and other economic advantages mentioned above, with the consideration of a realistic economical model, it has been demonstrated that the initial expenditure necessary for setting up the required production plant will return within a few early years followed by significant savings for a rather long time in the following years. This enables efficient infrastructure development with an optimal utilization of available financial resources. For a given area, a production plant can be provided to serve an area within an optimized distance to the factory to mass produce typical bridges necessary for the development of new highways/railways or replacement of old bridges that are not suited to retrofitting. Permanent work and job security for production workers as well as the inspection and maintenance teams are additional aspects of such an approach. Continuously, well-trained technicians and engineers are the driving force behind the continuous quality improvements in lean management to extend the ideas to deal with a variety of larger scale projects such as the application of double-layer grid deck systems to cable-stayed bridges considering their light weight and high rigidity. These types of structures due to their light weight can be erected with ordinarily available construction equipment; however, multi-span bridges of this type can be built in composite form at shore and pushed to position using a space grid front runner truss where applicable.




3.8. Sustainability


With the consideration of all the above, the construction of bridges of the proposed type is in line with recent environmental awareness to enhance sustainability in design. In place of customary beam and slab bridges, the mass production of many typical straight or skewed bridges all over the world reduces material consumption considerably. This great reduction in material (around 40% as derived above for bridges under consideration) will consequentially reduce both the embodied energy and the embodied Carbon equivalent of construction materials in proportion. These include less harm to the environment and natural resources and the reduction in direct costs of embodied energy (and the associated pollution) required for the production and transportation of additional steel and concrete materials. With the advent of new smart and sustainable materials and strategies to substitute steel and concrete, the environmental impact of these structures can be reduced even further. Durability and maintainability are also other key advantages of the system. Bolted grid-works can be designed to be dismountable for further usage or neat dissembling/recycling if needed. Considering only the material consumption, the amount and cost of materials that we are spending to build one of such customary bridges can be spent to build about three to four bridges of the proposed space grid system. Here, the structural design concept can lead to true resource management in the spread of essential infrastructures for social exchange and economic development for many societies across the globe.





4. Conclusions


The application of a new bridge deck system, referred here to as the Composite Double Layer Grid Superstructure (CDLGS), for short to medium-span bridges was investigated. The advantages and considerations of the CDLGS system were compared with a common type of bridge system as a benchmark, namely, the Composite Plate Girder Superstructure (CPGS). It was observed that the CDLGS system compared to the CPGS considerably improved seismic response, and reduced material consumption—similar to other space frame structures [57]—(both structural steel and required concrete slab cover). Considering its lightweight and high redundancy, an increased reliability against progressive collapse, and enhanced overall bridge seismic performance can be expected. Moreover, the material consumption reduction was found to be even more pronounced for larger spans with a greater number of spans. As such, the light dead weight of the CDLGS encourages the possibility of longer spans. In terms of load transfer efficiency, it was empirically shown that the proposed CDLGS system performed superior to the CPGS in the transverse direction during dynamic truck loading. Nonlinear time-series analysis revealed reduced superstructure seismic displacement under the vertical component of earthquake excitation.



The reduction in material consumption not only reduces the construction cost but also reduces lifecycle embodied carbon, embodied energy, pollution of engineered material manufacturing, and material waste during demolition and disassembly of the bridge, directly supporting sustainability and the environment [58,59]. Further improvements in mechanical properties and weight were found through the design of the variational depth CDLGS deck with integral piers (IVD-CDLGS). Here, the opportunities for multi-objective generative optimization of the IVD-CDLGS bridge system were investigated. Optimal values for nine (9) decision variables to achieve a fair balance between weight (representative of embodied energy and Carbon), strain energy, fundamental frequency, and construction cost, were obtained using the NSGA II algorithm. By virtue of the problem’s nature, the optimization does not yield a single result that maximizes the fundamental frequency and minimizes the rest. However, given the exact weight of importance a-priori, it was possible to find the best solution (here, equal importance was considered). In terms of weight, the best design that minimized weight and achieved a fair balance reduced overall material consumption for steel by 28% and 17% on average, respectively (when compared to the final Pareto front solutions). This result demonstrated considerable material weight reduction from the original CDLGS when the design decision variables of the IVD−CDLGS were optimized. Considering only the material consumption, the cost of materials that is spent to build one CPGS bridge can be spent to build around two or three bridges of the proposed CDLGS and IVD-CDLGS bridge systems, leading to enhanced economic and social development.



To conclude, the skeletal spatial structure systems offer many advantages to satisfy the diverse needs of contemporary societies, combining technical, economic, and environmental aspects to build sustainable and resilient bridges in essential infrastructure development programs. To this end, the proposed system can provide a viable alternative during strategic planning stages for the development and extension of regional infrastructures.
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Figure 1. Details of the CDLGS: (a) single square pyramid module; (b) example of a buckled member under compressive load; (c) example compressive test on 10 × 10 m2 double-layer grid spatial structure; (d) digital model of single span (top) and deformed shape (bottom); and (e) digital model of a multi-span CDLGS bridge. 
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Figure 2. 3D model of the proposed CPGS−benchmark (top) and CDLGS (bottom) deck systems used in this study: (a) single-span; (b) two-span; (c) three-span; and (d) five-span. 
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Figure 3. Deformed shape of the CDGLS for reference: (a) single−span and (b) two−span. 
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Figure 4. Base shear latitude (transversal) results of Tabas earthquake for magnifications: (a) 0.3 g; (b) 0.5 g; and (c) 0.7 g. 
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Figure 5. (a) The plan view of the 32m long single-span bridge deck on which the vehicle passageway and points 1 and 2 are shown; (b) time history of the displacement response calculated at points 1 and 2 for the CPGS; (c) time history of the displacement response calculated at points 1 and 2 for the CDLGS. 
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Figure 6. (a) Space grid member modeling; (b) eccentricity of loading applied to account for imperfection; (c) axial force-displacement curves for different slenderness ratios and eccentricities. 






Figure 6. (a) Space grid member modeling; (b) eccentricity of loading applied to account for imperfection; (c) axial force-displacement curves for different slenderness ratios and eccentricities.



[image: Infrastructures 08 00129 g006]







[image: Infrastructures 08 00129 g007] 





Figure 7. Pushover analysis of two−span CDLGS: (a) push from top to bottom; (b) pushover curves. 
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Figure 8. The nonlinear time history analysis results under the action of the vertical component of the Kobe ground motion in terms of the mid-span displacement: (a) CPGS (benchmark); and (b) CDLGS. 
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Figure 9. Variable depth composite double-layer grid superstructure with integral spatial grid piers (IVD-CDLGS): (a) sample 3D design; (b) design optimization decision variables. 
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Figure 10. Best designs for: (a) fundamental frequency; (b) strain energy; (c) weight of material consumed; (d) construction cost; and (e) overall with equal importance for all objectives. 
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Figure 11. Results of the eigenvalue modal analysis of the best overall bridge for the: (a) 1st; (b) 2nd; (c) 3rd; and (d) 4th mode-shapes. 
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Table 1. Summary of experiments, and metrics used for analysis/comparison in this manuscript.
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Considered Application Areas

	
Metrics of Validation/Comparison






	
Composite Steel Double Layer Grid Superstructure (CDLGS)

vs.

Composite Plate-Girder Superstructure (CPGS-Benchmark)

	
Single Span Bridges

	
Material Consumption (Weight).




	
Continuous Superstructures on Reinforced Concrete Bents

	
Material Consumption (Wight);

Seismic Response.




	
Impact of Number and Length of Spans

	
Material Consumption (Weight).




	
Load Transfer Efficiency in Traverse Direction

	
Time−series Deflection.




	
Effect of Vertical Component of Earthquake Ground Motion

	
Non-linear Static;

Non-linear Dynamic.




	
Integral Variable Depth Spatial Grid Bridge Structures (IVD-CDLGS)

	
Multi-objective Design Optimization

	
Weight (representing Embodied Carbo and Energy);

Fundamental Frequency;

Strain Energy;

Cost of Construction.
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