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Abstract

:

In this paper, an evaluation based on the detailed failure has been conducted for underground sewage Geopolymer concrete (GPC) pipes under static and seismic loadings with consideration of the optimal time steps in the time-dependent process related to nonlinear behavior of GPC pipes in static and dynamic analyses. The ANSYS platform is employed for improving an advanced FE model for a GPC pipe which can simulate the performance of underground GPC pipes containing various percentages of fly ash (FA) as a Portland cement (PC) replacement. Subsequently, the time-dependent model is used to assess the efficacy of this concrete admixture (FA) in the structural response of the unreinforced GPC pipe in FEM. Indeed, the generated GPC pipe with the three-dimensional model has the potential to capture the nonlinear behavior of concrete which depicts the patterns of tensile cracking and compressive crushing that occur over the applied static loads in the FE model. The main issue in this paper is the assessment of the GPC pipe response typically based on the displacement due to static and seismic loadings. The numerical results demonstrated that the optimal displacement was obtained when the structural response had typically the lowest value for GPC pipes containing 10–30% FA and 20% FA under static and seismic loadings, respectively. Indeed, a reduction by 25% for the vertical displacement of a GPC pipe containing 20% FA was observed compared to that without FA under time-history analysis.
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1. Introduction


The issue of an appropriate collapse probability along with the optimal response of underground concrete pipes has been highlighted in numerous investigations. Indeed, the reduction of vertical and horizontal displacement as the optimal response of buried GPC pipes under static and seismic loading is the central challenge for evaluating the structural performance of underground GPC pipes which need to be improved through reorganizing the effects of material properties of GPC and other main factors on the structural performance of GPC pipes. Based on preliminary studies, the mechanical properties of concrete (compressive strength, flexural strength) and FA inclusion in concrete content are two significant factors in the behavioral performance of concrete elements such as concrete cubes and beams [1,2,3,4,5,6,7].



Numerous investigations on the performance and design of underground pipes have been carried out using either static or dynamic loads without any precise vindication related to the section of loading type [8,9,10]. Chaallal et al. [11] investigated the behavior of underground flexible pipes under static loading. Moreover, Rakitin and Xu [12], MacDougall et al. [13], and Lay and Brachman [14] explored the behavior and the design of underground concrete pipes under static surface loads. On the other hand, McGrath et al. [15] presented the results of an investigation on the response of a buried flexible pipe for moving truckloads under the maximum load of 107 kN. Li et al. [16] reported the response of a buried concrete pipe and a rectangular culvert under the effect of a moving aircraft wheel load by FEM. Eventually, Neya et al. [17] conducted a three-dimensional FE study on the behavior of a buried pressurized steel pipe. Other research activities were also conducted using a 3D FE analysis, such as [8,11,12,13,14,15,16,17,18].



In summary, it cannot be conclusively approved by previous investigations whether a static or a dynamic load needs to be applied to assess the behavior of underground pipes. Thus, this study aims to acquire the critical loading conditions on GPC pipes, hence, the major contributions of this study are presented as follows:




	➢

	
A robust 3D finite element model is developed for evaluating the optimal displacement of GPC pipes by utilizing fault displacement (static loading) and records of the actual earthquake (seismic loading) as well as traffic loads and self-weight of soil and GPC pipe as live and dead loads in this study;




	➢

	
The possibility of relative comparison of seismic and static responses of buried pipes under the influence of GPC properties is developed in this field;




	➢

	
The utilization of element types of solid 185 and pipe 288 compatible with the proposed nonlinear model such as Drucker–Prager has been applied for the first time in this study after validating with similar element types such as solid 65 used in previous investigations.










2. Finite Element Modeling


2.1. Determination of Basic Equations for the Stress–Strain Curve of GPC


After reviewing the variety of constitutive models for GPC in compression state, Table 1 represents the six most widely accepted models which are relatively compatible for GPC in low-calcium classification (class F). The linear state of stress–strain relations in the ascending branch was kept unchanged for all these six models. However, the curvatures of the stress–strain relations after peak stress in the descending branch have a distinctive difference which varies by replacing diverse values for the parameter ‘n’ in the empirical formula experimentally obtained in previous investigations. As shown in Figure 1, ‘n’ is attributed to the peak stress value. Additionally, Fan et al. [19] demonstrated that the parameter ‘n’ at different temperatures can play an effective role in the nonlinear behavior of concrete in the descending region at the collapse moment. It was proved that ‘n’ has a significant effect on the nonlinear behavior of concrete resulting in less plastic strain in the concrete specimens containing FA compared to those with conventional paste such as OPC. This occurrence can be ascribed due to the increase of the CSH chain caused by a chemical reaction between FA and PC. The increase of ‘n’ that rapidly occurred at an early stage is due to amplification of the reaction at temperatures between 9–200 °C as shown in Figure 1. On the contrary, the decrement of ‘n’ at a later stage might be caused by the appearance of the thermally induced microcracks in cement paste and decomposition of the CSH chain. In this study, the value of n = 4 was chosen for the Popovic relation proposed in 1971, given that the curing condition for the experimental schedule of the current study was kept under the temperature of 21 °C (the temperature at water bath).



With respect to Ec as the significant parameter in the stress–strain curve, most early studies, as well as current investigations, centralize on Ec of GPC mixture at 28 days of age. For instance, Nath and Sarkar [20] presented a relationship (Equation (1)) based on their experimental observations to predict the elastic modulus of ambient cured blended low calcium FA-based GPC mixes as follows:


   E  cj . a =   3510      f ′   c     



(1)




where Ecj.a is the elastic modulus of ambient cured FA-based GPC in MPa. In addition, Waqas et al. [21] have recently explored an empirical formula to predict the elasticity modulus of ambient cured fly ash and slag-based geopolymer concrete (FS-GPC) as given by Equation (2):


   E c    =   2.5 (   f ′  c   )   3 5     



(2)




where Ec is the elastic modulus of concrete (GPA) and fc is the average compressive strength measured on cubes (MPa). In the current study, the two above-mentioned relations for the value of Ec are selected for the modified Popovics relations proposed by Isojed et al. [22] and Halahla [23] (Table 1). It is essential to mention that only the amounts of strain corresponding to the peak-stress of these two relations are attributed to Ec; whereas      the   value   ε   c     for    other proposed constitutive models are in relation to      f ′   c    as shown in Table 1.
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Table 1. Constitutive models for GPC concrete in compression state.






Table 1. Constitutive models for GPC concrete in compression state.





	
Proposed Model

	
Constitutive Models Equation for GPC Concrete

	
     E c     

	
     ε c     






	
Modified Popovics function, (Isojeh et al. [22])

	
  σ =   n  E s     [  n − 1 +    (   ε   ε c     )    n k    ]     

  n = 0.8 +     f ′  C    17    

   E s     =  E C    n − 1  n   

  i f    ε   ε c       >   1.0   →   = 0.67 + (   f  ′ c    62   )  

  i f  ε   ε c      < 1.0 → k = 1

	
  3510   f  ′ c      [Equation (1)]

  2.5 f  ′ c      3 5     

[Equation (2)]

	
     f  ′ c     E s           (  n  n − 1   )   




	
Modifed Popovics function (Halahla [23])

	
   2   f  ′ c     E c      




	
Popovics [24]

	
   σ  f  ′ C    =  ε   ε C     n  n − 1 +    [   ε   ε c     ]   n     

N = 0.058 f’c + 1

	
N/A

	
     2 f  ′ c    12 , 500 + 450 f  ′ c      




	
Fan et al. [19]

	
   σ  f  ′ C    =  ε   ε C     n  n − 1 +    [   ε   ε c     ]   n     

n = 4

	
N/A

	
     2 f  ′ c    12 , 500 + 450 f  ′ c      




	
Popovics [25] and Mander et al. [26]

	
    σ  f  ′ C    =  ε   ε C     n  n − 1 +    [   ε   ε c     ]   n      

   n = 0.0004   f  ′ c  + 1   

	
     2 f  ′ c    12 , 500 + 450 f  ′ c      




	
EN 1992-1-1 [27]

	
    σ  f  ′ C    =  ε   ε C     3  2 +    [   ε   ε c     ]   3      

	
N/A

	
   0.7   f  ′ c     0.31     









Validation of the Developed Constitutive Model for GPC Concrete


The comparison between stress–strain curves subjected to FE results of the GPC cube in the present study and those relations discussed in Section 2.1 are represented in Figure 2 and Figure 3. It is clear from this comparative assessment that the numerical model of this study behaves excellently with the proposed relations. However, there is a relatively significant difference that can be seen from the relation presented by Popovics [25] and Mander et al. [26] referring to the different values of ‘n’ as explained in Section 2.1. On the other hand, after comparing the stress–strain relationship subjected to FE results of a concrete cube containing 20% FA, numerically obtained in the current study, to other examined constitutive models for compression state of concrete based on Popovics formulations and Eurocode standards, it is proved that the numerical results of the current study have a relatively high approximation with the proposed constitutive models which were found through other empirical functions, especially Eurocode and Popovic relations [22,23,24,25,26,27]. The value of the ‘n’ parameter for the constitutive model presented by Fan et al. [19] in the range of 3–4 is strongly recommended for this concrete type with a low calcium amount. It is necessary to point out that the experimental data achieved in the present study (compressive strength for 20% FA, and concrete density) were utilized for defining material properties in the FE model of GPC.



From Figure 2 and Figure 3, it can be observed that the predictions of constitutive models by Isojeh et al. [22] and EN1992-1-1 [27] are the closest to the numerical results of the present study, while the equations presented by Popovics [25] andMander et al. [26] and Fan et al. [19], Halahla [23] yield lower and higher values, respectively, than the current study. Hence, the developed constitutive concrete model using the modified Popovics model recommended by Isojeh et al. [22] using Equation (2) for calculating Ec was chosen as the basic equation for concrete specimens involving 20% FA content at age of 28 days, to assess the nonlinear (cracking and crushing) behavior of this concrete type for the next stages of this study.



In addition, the William–Warneke failure criterion, involving nine parameters (Table 2) was considered for describing the nonlinear behavior of GPC. Three key parameters play a major role in calibrating the constitutive model. These parameters are ultimate stress, ultimate strain, and the slope of the stress–strain curve for the initial part of the ascending zone of the stress–strain curve. Other parameters associated with the nonlinear behavior of GPC have been selected considering the highest degree of adaption with these three parameters. The ultimate load, stress, and strain predicted by the numerical model are 0.7%, 0.79%, and 8.4% higher than those achieved through the modified Popovics relation (Table 3). Hence, the calibrated model with the concrete properties defined in this numerical simulation can be used for other GPC structures which will be modelled in FE.





2.2. Model Validation


In the next stage, the numerical results are calibrated with those in the study conducted by Zamarian [28] in similar conditions (model dimension, applied load, etc.) as shown in Table 4, Figure 4 and Figure 5. It is worth pointing out that the value of traffic load as the live load is based on the details of the American Association of State Highway and Transportation Officials (AASTHO) standard.



The following constants are desired for defining concrete properties in the ANSYS platform (Table 2):




	-

	
Shear transfer coefficients for an open crack (βt);




	-

	
Shear transfer coefficients for a closed crack (βc);




	-

	
Uniaxial tensile cracking stress (ft);




	-

	
Uniaxial crushing stress (positive) (fcu);




	-

	
Biaxial crushing stress (positive) (fcb);




	-

	
Ambient hydrostatic stress state (σha);




	-

	
Biaxial crushing stress (positive) (f1);




	-

	
Uniaxial crushing stress (positive) (f2);




	-

	
Stiffness multiplier for cracked tensile condition (Tc).









Four parameters, namely the shear transfer coefficients for an open crack (βt), the shear transfer coefficients for a closed crack (βc), the uniaxial tensile cracking stress (ft), and the uniaxial crushing stress (fcu), are more important compared to other concrete properties. The shear transfer coefficients, (βt) and (βc), are used to consider the retention of shear stiffness in cracked concrete; these parameters range from 0 to 1.0, with 0 representing a smooth crack (complete loss of shear transfer) and 1.0 representing a rough crack (no loss of shear transfer) (ANSYS [29]). For this study, the shear transfer coefficient for an open crack (βt) is set to 0.3 to avoid convergence problems and the shear transfer coefficients for a closed crack (βc) is chosen as 1.0 [3,30,31,32,33,34].



Further details related to soil and concrete properties used in this validation are presented in Table 5. It is observed that the element types used in the current study are pipe 188 and solid 185 for concrete and soil, respectively, whereas the element type applied was solid 65 for both concrete and soil in the previous study.



As can be seen in Figure 6, the values of the stress–strain curve have a relatively high approximation, so that the maximum values of stress for both numerical models have a minimum difference of 5%, which means that the numerical model used in this study is reliable.




2.3. Material Properties of Soil and GPC in FE Modeling


After validating the underground concrete pipe model with acceptable satisfaction according to the numerical results presented in Section 2.2, two typical types of soils (backfill, sidefill and bedding) have been used for FE analysis of underground GPC pipes to execute the investigation for detecting the interaction between soil and an underground pipeline. As a result, based on the validation of two different element types (Soild 65, Solid 185) with the excellent agreement for soil conducted in Section 2.2, it can be found that Solid 185 is the element surrounding underground GPC pipes that can withstand against uplift forces with displacements in a reasonable range. This study represents the FE modeling with the use of SOLID 185 for the surrounded soils of GPC pipes to assess the accurate response of the GPC pipe with an optimal displacement under static and seismic loadings. Further details in the case of elastic and plastic properties of the GPC pipe and soil types are exhibited in Table 6. It is worth mentioning that the maximum values corresponding to material properties of two soil types have been applied for the FE model to provide the most critical state while analyzing the GPC pipe model under static and seismic loadings.



2.3.1. Selection of GPC Pipe Size


The unreinforced concrete pipe numerically validated in Section 2.2, was chosen as a 3D FE model for a buried GPC pipe in the current study. In addition, the soil geometries need to be defined for this FEM. The dimensions of the GPC pipe are in accordance with ASTM Specification C14–15 based on the American Association of State Highway and Transportation Officials (AASHTO) as shown in Table 7.



It is essential to mention that this pipe type is a Class-II non-reinforced concrete pipe category which is commonly used in the industry. The length of the pipe is chosen to be 10 times of the pipe’s diameter to reduce the effect of boundary conditions on numerical results of the study as shown in Figure 7 [28,35].



For modeling the surrounded soil, the details of standard design considering the suggestion of the American Concrete Pipe Association have been utilized in this study. Therefore, two volumes are each assumed for the bedding—siding and backfill soil. As shown in Figure 4 and Table 8, the minimum bedding thickness (15.24 cm) is used. According to ACPA, the minimum trench width is approximately 1.524 m for a non-reinforced round concrete pipe with 0.762 m outer diameter [28,35].



According to the details of Type 4 soil (Table 8), the minimum width of the sidefill is 18 in. So, the overall width of the trench can be calculated by WT = 2 × (0.4572 m) + Do = 2 × 0.4572 + 0.762 = 1.676 m. Hence, the overall width of the trench (WT) is proposed to be 1.676 m, where Do is the outer diameter.



As for the depth of the backfill soil, it is proposed the backfill soil height is considered as 3 Do which is 2.286 m (Figure 4) in accordance with the Concrete Pipe Design Manual and AASHTO details [28].




2.3.2. Selection of Element Type for GPC Pipe


The concrete behavioral model in the ANSYS platform, derived from the William–Varnke model, is used to simulate the nonlinear behavior of concrete in the ANSYS finite element software. This criterion is also utilized to predict the damages that occurred in concrete and other frictional adhesives, such as masonry materials, soil, and rock. The significant point is the fact that the concrete behavioral model in the ANSYS software is to be applied through the three-dimensional geometric model which is the element compatible with the concrete model. That means the elements in 1D or 2D are not suitable for this purpose. So, after the validation of the elements of Pipe 288 and Solid 65 resulted in the excellent agreement, Pipe 288 has been chosen for the first time to simulate the concrete behavior of the buried GPC pipe. The pipeline is simulated with a length of 7.6 m under AASTHO and ASTM standards which is presented in Figure 5. In addition, Figure 8 shows the details of Pipe 288 as the element type used in the FE model of the GPC pipe.



To cast more clarification on the offered points, the significant features related to the performance of Pipe 288 element will be briefly put forward in the following statements:




	➢

	
The mesh size chosen for the pipe 288 is 0.5 m, as it is observed that this value gives better convergence in the nonlinear analysis compared to other mesh sizes examined in the study;




	➢

	
In addition, it is assumed that the pipe 288 element has no slip along the z-axis. So, the following route in FE ANSYS Mechanical APDL has been taken in this regard: Main Menu >> Preprocessor >> Numbering Ctrls >> Coupling/Ceqn >> Couple DOF;




	➢

	
The contact element is considered to define the fault in the middle part of the GPC underground pipe as fault displacement has been applied as one of the static loadings in this study. These contact elements are shown as the number of 16 CONTA175 and TARGE170 elements in the list of element types.












3. Static and Seismic Loading


3.1. Static Loading


The determination of static loads for analysis and design of underground concrete pipelines are commonly carried out for the entire load comprising the efficacies of dead loads applied by soil and live loads affected by traffic. Therefore, the optimal vertical displacement as structure response is the resultant of both dead and live loads which will be applied as total static loading on the GPC pipe. The deformability of underground pipes is mainly determined through the structure response of the GPC pipe to the static loads which are affected by soil weight, traffic loads, and other accidental loads. In addition, the wall thickness of GPC pipes can be considered as the criterion for evaluating the flexibility of GPC pipes which are treated as flexible rings resulting in a deformation pattern in the form of horizontally oriented ovals [28,36].



As regards the static loading in this study, the soil weight is calculated as the gravity load through the FE software (ANSYS) considering the gravitational acceleration of 9.81 m/s2 in Y-direction. In addition, internal fluid pressure (swage) will be considered in this investigation given that, the water flow has had an effective role in the deformability of underground pipes based on the previous studies carried out in this field [36]. The most important reason which can be assumed in this phenomenon is the fact that the pipe stiffness may be enhanced due to the long-term effect caused by the steady flow of water in underground pipes. The value of water pressure in pipelines is typically in the range of 276–414 KPa in which the maximum amounts will be considered to distinguish the critical condition of the underground pipeline.



Moreover, for detecting the most critical state of static loading in this study, an active fault in the middle part of the concrete pipe is applied. Generally, in seismology, faults are divided into three main categories: active, semi-active, and inactive faults. The criterion for defining ground faults is the movement of their surface relative to each other. For instance, the fault slip ratio is approximately 1 cm each year which means that the fault slip is 20 cm over a 20-year activity. For this purpose, the slip with the movement of 20 cm is assumed in the middle of GPC pipes to evaluate fault behavior in this field. Therefore, for applying this displacement, the nodes on the right side of the fault are moved 0.1 m downwards and the nodes on the left side are moved 0.1 m upwards in Y-direction (Figure 9).



It is essential to point out that the dead loads on the underground pipeline are typically more efficient than the live loads. Because the efficacies of live load, which can be applied as traffic, are to diminish rapidly with the increment of soil depth. However, the live load may be more critical compared to dead loads for underground pipes at shallow depth [36,37]. In this study, the efficacy of live load on a GPC underground pipeline has been presented by using the details derived from the AASHTO standard which was used in previous studies. According to AASHTO, the spread area affected by the truckload has a length of 2 m and the width of 1.5 m considered in the middle part of the GPC pipe to the bearing performance of solid under static loading at failure moment [38]. Thus, the live load used for validating the numerical results will also be used which is calculated as follows:




	
P = 50,000 lbs = 222,411 N;



	
A = 2 × 1.5 = 3 m;



	
Pressure (Live load) = 74,137 Pa (N/m2).









3.2. Seismic Loading


Once an earthquake occurs in a region, the diverse directions of ground motion are incensed due to stress waves in the ground. Generally, the changes of ground motion parameters, such as motion amplitude, frequency, and movement duration will happen as seismic waves pervade the overlying soil and become deflected when reaching the surface [39,40]. According to the study by Prasad [41], the range of predominant frequencies for most earthquakes resulting in crucial damage is between 1 to 2 Hz along with an acceleration which has an amplitude around 0.5 g. On the other hand, Wu [42] discussed the mechanism of earthquakes, and the nature of the movements is not radically attributed to the previous earthquakes as changes in the earth crust would not have rapidly appeared. In the FE software (ANSYS), seismic records of each earthquake are commonly described through acceleration, velocity, and displacement for each structure. Since the interaction between soil and structure is to be evaluated through obtaining the optimal displacement of GPC pipes, two specific records of time-history ground motion belonging to the Tabas (Iran, 1978) and Friuli (Italy, 1981) Earthquakes have been considered to assess the effects of each earthquake on the response of the GPC pipe in this study. The peak value corresponding to the ground displacement which was applied by a series of harmonic components for the Tabas and Friuli earthquakes are 0.093 m and 0.025 m, respectively (Figure 10 and Figure 11). In addition, the acceleration generated by each earthquake is given as shown in Figure 12 and Figure 13. The former with the peak value of 0.6 g belongs to the Tabas earthquake and the latter with the approximate value of 0.046 is recorded for the Friuli earthquake. The typical static and seismic loadings are shown in Table 9.




3.3. Determination of the Critical Node for Evaluating the Displacement of GPC Buried Pipe under Applied Loads


The modeling strategy used in this study emphasizes more on the numerical results in previous investigations because of the lack of experimental observations regarding the downward displacement of the underground pipe. Qin et al. [44] argued that the uplift force which is twice the thrust force applied on the upper half of the pipe can be considered as the critical state under the equilibrium condition of applied loads for a numerical model of a buried pipe.



In addition, Yehia et al. [45] expressed a similar attitude that the maximum value of P/2 on the upper half of the pipe, which illustrates the acceptable satisfaction between numerical and experimental tests, can be considered as the critical state in the case of underground pipe displacement; hence, the node 20, located on the upper half and the middle length of GPC pipe, has been chosen for this purpose.



It does not necessarily mean that the displacement of the GPC pipe has been obtained in the FE software ANSYS without considering the settlement of the soil surrounding the GPC pipe. Indeed, the ANSYS software can provide the computed numerical results under diverse magnitude settlements between the settlement of soil and pipe proving the numerical results calculated by the FE method are in accordance with the concurrent movement of soil and GPC pipe. Furthermore, the deformation of the GPC pipe affects the deformed shape of the soil surrounding the GPC pipe due to simultaneous deformation of soil and pipe under static loading. Figure 14a is the isometric view of the GPC pipe and soil settlement, and Figure 14b is the side view of the FE model based on Figure 14a.





4. Boundary Condition


The boundary condition which can be recommended for the underground concrete pipe is fixed-support at two ends of the soil–GPC pipe model. Since the piping networks are very long, whereas the pipes have a 7.6 m length based on the standard AASHTO considered for this study, the pipe modeling will be reduced to the pipe with this standard length. Therefore, underground concrete pipes can be implemented, so that they are placed on the support which has been fastened with a mortar and rubber seal. In this state, it can be simulated as the fully fixed-support in ANSYS (Figure 15). The fixed-support embedded at the two ends of the concrete pipe can impede the vertical displacement of the bottom section of the GPC pipe and, subsequently, mortar and sealant can prevent the rotation and displacement of other regions of the concrete pipe [46,47]). On the other hand, the use of the GPC pipe based on the details of class ll nonreinforced concrete in ACAP standard, commonly used in industry, can minimize the efficacy of boundary conditions on the structural response of infrastructures. Hence, based on the above-mentioned statements and more compatibility of the simulated concrete pipe model in the FE software with the actual concrete pipe applied in the industry, the fully fixed-support has been recommended as a boundary condition in this study.




5. Discussion about Optimal Mesh Size of GPC Pipe


Generally, the proper number of elements and optimal meshing for more convergence in the numerical analysis of structures are commonly two key points that have been considered in FEM. According to the previous numerical studies, it was found that a large number of elements can have a notable effect on the achieved numerical results to be exaggerated, even though the improvement of computed results is typically attributed to the use of a fine mesh in FEM; however, this attitude is not always defensible. Lee [36] claimed that several numerical results by fine-meshed elements could not be calculated by the FE software, as the notable computation time around one day or more is desired for this purpose.



According to the above explanation, the following conclusions are drawn to determine the optimal mesh size of elements used in this study:




	➢

	
The elements with the mesh sizes of 1, 075, 0.5, and 0.25 m are used for FE analysis of the model including two soil types and the GPC pipe with a length of 7.6 m;




	➢

	
It is observed that the numerical results of 0.5 m and 0.25 m are obtained without significant variations compared to those of 1 m and 0.75 m. The convergence analysis for identifying the proper mesh size is the most important method to reduce the error related to the achieved force and displacement results in FE as the FE model with a fine mesh makes the numerical calculations more accurate compared to a coarse mesh. On the other hand, Weck and Nottebaum [48] discussed that it is predictable that the errors with a higher number of elements in the FE model need to converge nearly to zero. Accordingly, the numerical results in the relation to displacement and force have high accuracy with the enhancement of element numbers in FE models [48,49]. Thus, the mesh size of 0.5 including 3725 elements has been chosen for the FEM of the GPC pipe model. In addition, the numbers corresponding to the material properties defined in ANSYS are given in Table 10.










6. Static and Seismic Analysis


The analysis types are typically categorized into two groups involving static and seismic analysis. In this investigation, the static analysis will be conducted by using a self-weight of soil and pipeline as dead load, traffic loads based on AASHTO standard as live load, internal fluid pressure in the GPC pipe, and fault displacement in the middle length of GPC pipe.



As regards the seismic analysis, the seismic load based on displacement records with 0.6 g and 0.047 g of ground acceleration presented in Figure 10, Figure 11, Figure 12 and Figure 13 and Table 9 from the TABAS and Friuli earthquakes will be applied to the model of the GPC pipe to compute the seismic analysis in this study.



6.1. Static Analysis of GPC Underground Pipe


In this study, the static analysis is executed by employing the 7.6-m model of the GPC pipe under static loadings (Figure 5) which are self-weight of the GPC pipe and soil, traffic load onto the ground, internal fluid pressure, and fault displacement in the middle position of the GPC pipe. The main reason for applying such a load combination is to evaluate the most critical statement of the GPC pipe at the failure moment. The self-weight of both the GPC pipe and soil is calculated by applying the gravity (9.81 N) to the created FE model in ANSYS. As shown in Table 9, the applied traffic load is used as the uniform contact pressure with the value of 74,137 N/m2 on the top surface of the backfill soil which is exactly located on the fault considered in the middle position of the GPC pipe as well (Figure 16). In addition, node no. 20 in the element is chosen as the most critical node for this purpose. The internal pressure of 414 KPa is also applied to the internal surface of the GPC pipe model. It is urgent to point out that the mechanical properties of the GPC pipe, such as the compressive strength and density made from PC with diverse dosages of 0, 10, 20, 30, 50, and 70% FA as replacement of PC weight were experimentally obtained in this study (Table 11, Table 12 and Table 13), along with the 9 parameters related to the nonlinear state of the GPC calibrated in this investigation (Table 14) [3,50].



The typical vertical displacement of the buried GPC pipe under static loading is presented in Figure 17. Two types of vertical and horizontal displacements are to be assessed for GPC pipes with the variety of FA content with the dosages of 0, 10, 20, 30, 50, 70% as the replacement of PC weight on the directions of the y- and x-axis, respectively. It is assumed that the GPC pipe model has no slip in the direction of the z-axis.



The movement of the GPC underground pipe is in coordination with soil under static loadings. It is possible to assess that the magnitude of the vertical displacement for the GPC pipe with diverse dosages of FA is commonly less than that of the horizontal displacement when comparing the force–displacement graphs which are shown in Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23. Indeed, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23 demonstrate the comparison of the GPC pipe response for both vertical and horizontal displacements with the values of 0% to 70% FA as a raw material of the GPC pipe in which the compressive strength of this concrete type is experimentally examined in this study (Table 11, Table 12 and Table 13) and other equivalent parameters are also defined in the model (Table 14). These graphs demonstrate that the vertical displacement of GPC pipes subjected to static loading is much higher in comparison with the horizontal displacement of underground GPC pipes. Figure 18 shows that the variation of the vertical displacement for the GPC pipe with 0% FA as benchmark case is 0.035842 m which is roughly 3.56 times the amount of the horizontal displacement. In addition, Figure 23 shows a significantly higher vertical displacement in the FE analysis under static loadings for the GPC pipe with 70% FA, so that, the vertical displacement is 5.67 times the horizontal displacement. The values of vertical and horizontal displacements for this GPC pipe model are 0.055327 m and 0.009748 m, respectively. For numerical simulations of GPC pipes with 10%, 20%, 30%, and 50% FA, based on Figure 19, Figure 20, Figure 21 and Figure 22, it is found that the values of the vertical displacement for 10% and 20% are 1.92 times compared to horizontal displacements showing no change with adding the FA content by 10%, whereas the GPC pipe model including 30% FA has a vertical displacement which is 3.61 times the horizontal displacement. This trend is dramatically enhanced for the GPC pipe involving 50% FA so that the values subjected to a vertical displacement are approximately 5.7 times those of the horizontal displacement.



Eventually, the optimal performance of the underground GPC pipe, as the lowest vertical and horizontal displacements under static loadings, is numerically achieved for the FE model with the inclusion of 20% FA among all the GPC mix designs investigated in this study (Figure 24). Hence, This FE model with 20% FA content has been considered for dynamic (time-history) analysis in the next part. So, two types of material properties for the GPC pipe will be defined under seismic loading which are the FE models with 0% and 20% as control and benchmark specimens, respectively.




6.2. Dynamic Analysis of GPC Underground Pipe


After weighing up all methods of the transient dynamic analysis (time-history), it seems that the full-time method can certainly offer more benefits than the other methods. Indeed, the unlimited application of all nonlinear behaviors and the utilization of various loads such as non-zero displacements are two superior features that distinguish the full-time method from the other methods numerically utilized in the previous studies. Thus, the decision is made to employ the full-time method in the time-history analysis of the GPC pipe through the ANSYS platform. Further explanations in the case of the full-time method will be illuminated in the following points [51,52,53,54,55]:




	
All linear and nonlinear properties of geometric material and linear and nonlinear elements are applicable. Young’s modulus and density are the minimum properties of the material to be determined.



	
The first loading in the transient dynamic analysis (time history) is typically performed to provide the initial conditions governing the model in a very short time. Subsequently, the settings subjected to the main loading are to be conducted in continuation of the first solution.



	
The effects of temporal integration must be active in transient dynamic analyses with damping effects or inertial loads. Otherwise, the problem is solved in static mode. This option is commonly active by default in the ANSYS software.



	
The effect of stress stiffening is typically active by default, except that the following two cases can be inactive:




	➢

	
Dynamic analysis is performed in a linear state;




	➢

	
It should be ensured that the structure is not in the range of its buckling load and does not suffer from buckling due to the applied load.














The 7.6-m model comprising soil and the GPC pipe is employed for executing the transient (time history) analysis under the seismic loading described by the Tabas earthquake. The peak values corresponding to the displacement time series and acceleration data, released from Peer Nga Storing Motion Database Record (PNSMDR), are around 0.092 m and 0.64 g, respectively. In this section, the displacements related to seismic loading and other relevant forces such as acceleration in X-direction and reaction force at node 1 are analyzed through the ANSYS software to distinguish the most critical state in the nonlinear performance of the GPC underground pipe throughout the occurrence of an earthquake. Since the number of maximum time steps in the ANSYS platform is 1000. Beyond that, the specific command and the powerful finite element software for commercial purposes are required without the limitations of the FE software available in the academic community due to the high computational time. Thus, this FE model is analyzed under the effect of the Tabas earthquake with 3-s duration as the number of rows in the text file is 300 given that 3 s from the record of the Tabas earthquake with the time step of 0.01 equals 300.



The only route for recognizing the critical region of GPC pipe interacting with two types of soils for both static and seismic analysis is node 20 located in the crown on the upper half of the GPC pipe in the middle span of the buried pipe. Indeed, the significant aim in this section is to compare the response of the GPC underground pipe under the applied seismic loading for both GPC mix designs with the inclusion of 20% FA as a PC replacement and 0% FA as the benchmark in this study. It is essential to note that there is a limitation about the depth of the GPC pipe as the width and depth of sidefill and backfill, two soil types used in this study, are arranged under ACPA and AASHTO standards. In addition, it is assumed that the boundary condition of the fixed-support is similar to static analysis.




6.3. The Response of GPC Pipe under Seismic Loadings for Critical State


The numerical results of the time-history analysis are presented for the induced crown displacement on the upper half of the GPC pipe due to applying the records related to the Tabas earthquake with the peak value of 0.092 m (Figure 10). It is worth noting that the developed model predicts the crown displacement of the GPC pipe with excellent precision. A comprehensive attempt is made at this point to simulate the FE model exactly based on the existing reality in the construction industry considering the valid standards such as ACPA and AASHTO regarding the soil properties and pipe geometry. Based on Figure 25, it can be seen that the maximum value of vertical displacement for the GPC pipe with 0% FA is approximately 0.145 m which is higher than that of GPC pipe with 20% FA with the reduced value of 0.1339 m showing the percentage difference of 8%. Furthermore, the developed FE model enables the prediction of the tendency of the displacement–time relationship as obviously indicated in Figure 25.



In the case of horizontal displacement, it can be found that there is no remarkable change between two types of the GPC pipe model containing 20% and 0% FA so that the maximum amount of horizontal displacement for the GPC pipe without FA content is around 2.6% higher than that of the GPC pipe model with 20% FA (Figure 26). However, these values belonging to vertical and horizontal displacements of the FE model under seismic loadings are much higher compared to the data corresponding to the static analysis numerically investigated. In addition, node 1 with the coordinates of x = 0, y = 0, z = 0 has been chosen to evaluate the performance of fixed-support at two ends of the GPC pipe under seismic loadings in this study. The implication of these findings is presented in Figure 27. It can be seen that the maximum values subjected to the reaction force in fixed-support of the GPC pipe with 0% and 20% FA are 18,179.3 N and 18,094 N, respectively.



When comparing the above-mentioned results to those of other earthquakes, for instance, the Friuli earthquake that occurred in Italy (1981), it is useful to point out that a marginal reduction in the case of vertical displacement can be seen with what has previously been found for the Tabas earthquake. As shown in Figure 28, the vertical displacements after applying the records related to the Friuli earthquake are approximately 0.138 m and 0.137 m for underground pipes with the inclusion of 0% and 20% FA, respectively. However, no significant change was observed in the case of horizontal displacement between two types of buried pipe models (0% and 20% FA) under the seismic loading of the Friuli earthquake in Figure 29. Collectively, the results for the underground pipe under the two earthquakes with fully-distinctive data follow from the fact that the efficiency of FA as PC replacement in the decrement of pipe response, especially vertical displacement, under seismic loading with high acceleration is more tangible than that with a lower amount, given that the peak value of acceleration belonging to the Tabas earthquake is around 14 times the value corresponding to the Friuli earthquake.





7. Summary and Conclusions


In this study, the William–Warnke failure criterion and the modified Popovics model were presented for the nonlinear behavior of underground GPC pipes to illustrate the response of stress–strain for underground GPC pipes with diverse values of FA. To objectively evaluate the nonlinear performance of an underground GPC pipe exposed to static loading, the displacement of node no. 20 in element 1126 located in the region of the pipe crown is taken into account as the critical zone in the middle of the GPC pipe. The value of this displacement varies based on the material properties of the concrete with the variety of FA content defined in the FE model.



The following conclusions are drawn:




	➢

	
The numerical results of the static analysis demonstrate that the highest value of displacement occurs in the middle of the GPC in which traffic load and fault displacement were utilized as the two types of static loads in this study. The output of numerical results indicated that the dosage of FA in the range of 10–30% has a key role in the improvement of the optimal displacement in static analysis.




	➢

	
As regards the time-history analysis, based on the displacement records from two distinctive actual earthquakes (Tabas, Iran in 1979; Friuli, Italy in 1981), it was proved that the inclusion of FA in the GPC pipe has a significant role in the improvement of the vertical displacement in the underground model compared to horizontal displacement as it was observed in the static analysis as well.




	➢

	
In conclusion, it would appear that the role of FA on the improvement of the vertical response of the GPC pipe under seismic loading with high acceleration is more visible compared to the other earthquakes with low acceleration.









In addition, the assumptions and limitations used in this study are given as follows:




	➢

	
The concrete properties of the GPC pipe for linear and nonlinear behavior of the GPC pipe are based on the findings experimentally obtained in this study, such as compressive strength, density, and other parameters numerically validated in this field.




	➢

	
The trench simulated in the ANSYS platform is composed of stiff clay for bedding and sidefill soil along with silty clay for backfill soil.









Despite the fact that this study can distinguish the initial assessment regarding the response of a GPC pipe with various percentages of FA under static loading, further explorations including more details on significant factors and parameters as a key role in the development of GPC pipe response are needed.



As regards time-history analysis for seismic loading, the numerical results are widely accepted in case of the response of GPC pipe under seismic loading which can be considered as the great breakthroughs in this field; nevertheless, there are several limitations over the implementation of each step of the FE analysis. The major source of limitation is due to the lack of previous studies related to GPC pipes under seismic loading so that we are unable to compare the current findings with those in preliminary studies to reach the yield answer about the performance of this concrete pipe type against applied static and seismic loadings. Therefore, the necessity of utilizing a parametric study to identify the main factors playing a key role in the improvement of GPC pipe response as well as the quantitative evaluation of these parameters needs to be centralized in upcoming studies.
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Figure 1. Parameter ‘n’ at different temperatures. 
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Figure 2. Comparison of stress–strain relations and FE presented in this study for a concrete cube including 20% FA with the proposed equation of Ec=   3510   f  ′ c      for modified Popovics models. 
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Figure 3. Comparison of stress–strain relations and FE presented in this study for a concrete cube including 20% FA with the proposed equation of Ec = 2.5  f  ′ c      3 5      for modified Popovics models. 
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Figure 4. (a) 2D and (b) 3D original pipe models in ANSYS based on Zamarian [28]. 
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Figure 5. (a) 2D and (b) 3D pipe models in ANSYS 18.2 (current study). 
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Figure 6. Verification of tensile stress–strain behavior of current study and the previous study (Zamanian [28]) depending on different element types used for soil and concrete pipe. 
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Figure 7. The geometry of the calibrated unreinforced concrete sewer pipe in ANSYS in accordance with ASTM Specification C14–15 with reference to AASHTO. 
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Figure 8. Element type and geometry details of the GPC pipe model. 
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Figure 9. The static loading applied in the middle part of the GPC pipe in ANSYS. 






Figure 9. The static loading applied in the middle part of the GPC pipe in ANSYS.



[image: Applsci 11 11700 g009]







[image: Applsci 11 11700 g010 550] 





Figure 10. The X-displacement series of the Tabas earthquake, Iran 1978 (Peer Ground Motion Database [43]). 
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Figure 11. The X-displacement series of the Friuli earthquake, Italy 1981 (Peer Ground Motion Database [43]). 
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Figure 12. The accelerogram of the Tabas earthquake, Iran 1978 (Peer Ground Motion Database [43]). 
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Figure 13. The accelerogram of the Friuli earthquake, Italy 1981 (Peer Ground Motion Database [43]). 
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Figure 14. Typical soil and GPC pipe settlements under static loads (a) isometric view (b) side view. 
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Figure 15. Application of fixed-support on both sides of the FE model of soil–GPC pipe in ANSYS. 
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Figure 16. The settlement of applied static loadings in (a) 2D and (b) 3D view. 
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Figure 17. The typical vertical displacement of the GPC pipe. 
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Figure 18. Horizontal and vertical displacements at node 20, element 1126 with coordinate details: (x = 0, y = 0.25, z = −4) and 0% FA. 
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Figure 19. Horizontal and vertical displacements at node 20, element 1126 with coordinate details: (x = 0, y = 0.25, z = −4) and 10% FA. 
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Figure 20. Horizontal and vertical displacements at node 20, element 1126 with coordinate details: (x = 0, y = 0.25, z = −4) and 20% FA. 
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Figure 21. Horizontal and vertical displacements at node 20, element 1126 with coordinate details: (x = 0, y = 0.25, z = −4) and 30% FA. 
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Figure 22. Horizontal and vertical displacements at node 20, element 1126 with coordinate details: (x = 0, y = 0.25, z = −4) and 50% FA. 
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Figure 23. Horizontal and vertical displacements at node 20, element 1126 with coordinate details: (x = 0, y = 0.25, z = −4) and 70% FA. 
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Figure 24. Comparison of vertical and horizontal displacements at node 20, element 1126 among all GPC mixtures with 0%, 10%, 20%, 30%, 50%, 70% FA. 






Figure 24. Comparison of vertical and horizontal displacements at node 20, element 1126 among all GPC mixtures with 0%, 10%, 20%, 30%, 50%, 70% FA.
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Figure 25. Comparison of time-history curves for vertical displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Tabas earthquake. 






Figure 25. Comparison of time-history curves for vertical displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Tabas earthquake.
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Figure 26. Comparison of time-history curves for horizontal displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Tabas earthquake. 






Figure 26. Comparison of time-history curves for horizontal displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Tabas earthquake.
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Figure 27. The comparison of the reaction force of fixed-support in the time-history analysis under different FA dosages (a) 0% FA, (b) 20% FA. 






Figure 27. The comparison of the reaction force of fixed-support in the time-history analysis under different FA dosages (a) 0% FA, (b) 20% FA.
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Figure 28. Comparison of time-history curves for vertical displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Friuli earthquake. 






Figure 28. Comparison of time-history curves for vertical displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Friuli earthquake.
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Figure 29. Comparison of time-history curves for horizontal displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Friuli earthquake. 






Figure 29. Comparison of time-history curves for horizontal displacement of the pipe crown with the inclusion of 20% and 0% FA due to the Friuli earthquake.
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Table 2. Concrete failure criteria constants in ANSYS (William–Warnke).






Table 2. Concrete failure criteria constants in ANSYS (William–Warnke).





	ANSYS Parameters
	Values





	The shear transfer coefficient for open cracks (βt)
	0.3



	The shear transfer coefficient for closed cracks (βC)
	1



	Uniaxial cracking stress (fr)
	46.23 MPa



	Uniaxial crushing stress (f′c)
	38 MPa



	Biaxial compressive strength (fcb′)
	45.40 MPa



	Ambient hydrostatic stress (σh)
	65.46 MPa



	Hydrostatic biaxial crush stress (f1)
	54.86 MPa



	Hydrostatic uniaxial crash stress (f2)
	65.08 MPa



	Tensile Crack Factor
	0.6



	Elasticity modulus (E)
	22,000 MPa



	Poisson Ratio
	0.2
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Table 3. Comparison of numerical results in the present study and the modified Popovics model.






Table 3. Comparison of numerical results in the present study and the modified Popovics model.











	Concrete Cube
	Ultimate Load (KN)
	Compressive Strength (MPa)
	Strain at Peak Stress





	GPC
	
	
	



	Modified Popovics model (Isojeh et al. [22])
	851.4
	37.84
	0.002086



	ANSYS (Present Study)
	858.15
	38.14
	0.002262
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Table 4. Static loading proposed for the validation of numerical results.






Table 4. Static loading proposed for the validation of numerical results.





	
Static Loads

	
Gravity (Soil Weight) (N)

	
9.81




	
Traffic Loads (Pa)

	
631,000




	
Internal sewage water pressure (Pa)

	
276,000–414,000
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Table 5. Material properties of soil and concrete for validation in FE.






Table 5. Material properties of soil and concrete for validation in FE.





	
Density

	
Total Static Loading

	
Element Type

	

	

	




	
Material Type

	
lb/In3

	
Kg/m3

	
Lbs

	
N

	
Concrete

	
Soil

	
Poisson Ratio (ν)

	
βt

	
βc






	
Concrete

	
0.0868

	
2402

	
450,006

	
200,198

	
Previous Study

	
Current Study

	
Previous Study

	
Current Study

	
Concrete

	
0.2

	
0.3

	
1




	
Sidefill & Bedding Soil

	
0.0625

	
1730

	
Solid 65

	
Pipe 288

	
Solid 65

	
Solid 185

	
Sidefill & Bedding Soil

	
0.25

	
N/A

	
N/A




	
Backfill Soil

	
0.0734

	
2032

	
Backfill Soil

	
0.3

	
N/A

	
N/A
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Table 6. Material properties of soil and GPC pipe.






Table 6. Material properties of soil and GPC pipe.





	
Parameters Material Type

	
Elastic Properties

	
Plastic Properties

	
Element Type

	
Internal Friction Coefficient Soil-Pipe






	
GPC Concrete

	
Elasticity Modulus (GPa)

	
15–22

	
βt

	
0.2

	
Pipe

288

	
0.6–0.7




	
βc

	
0.8




	
Poisson Ratio (ν)

	
0.25

	
Tensile Crack Factor

	
0.6




	
Density (Kg/m3)

	
2420




	
Soil

	
Sidefill & Bedding

(Cohesive)

	
Elasticity Modulus (GPa)

	
0.019

	
Cohesive Strength (C-Kpa)

	
17–252

	
Solid 185




	
Poisson Ratio (ν)

	
0.25

	
Friction Angle (φ)

	
20–29




	
Density (Kg/m3)

	
1730

	
Dilation angle (Ψ)

	
2




	
Backfill

(Sandy)

	
Elasticity Modulus (GPa)

	
0.028

	
Cohesive Strength (C-Kpa)

	
0–17




	
Poisson Ratio (ν)

	
0.3

	
Friction Angle (φ)

	
35–40




	
Density (Kg/m3)

	
2032

	
Dilation angle (Ψ)

	
2
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Table 7. Pipe geometry in ANSYS.






Table 7. Pipe geometry in ANSYS.





	Pipe Geometry
	In
	M





	Internal Diameter
	24
	0.6



	Wall Thickness
	3
	0.076



	Pipe Length
	300
	7.6
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Table 8. Standard installation soil and minimum compaction requirements (ASCE 15-98).






Table 8. Standard installation soil and minimum compaction requirements (ASCE 15-98).





	Installation Type
	Bedding Thickness
	Haunch and Outer Bedding
	Lower Side





	Type 1
	     D O    24        is   minimum ,   not   less   than   75   mm   if   rock   foundation ,   use      D O    12     minimum, not less than 150 mm
	95% Category I
	90% Category I,

95% Category II,

Or

100% Category III



	Type 2
	     D O    24        is   minimum ,   not   less   than   75   mm   if   rock   foundation ,   use      D O    12     minimum, not less than 150 mm
	90% Category I

Or

95% Category II
	85% Category I,

90% Category II,

Or

95% Category III



	Type 3
	     D O    24        is   minimum ,   not   less   than   75   mm   if   rock   foundation ,   use      D O    12     minimum, not less than 150 mm
	85% Category I,

90% Category II,

Or

95% Category III
	85% Category I,

90% Category II,

Or

95% Category III



	Type 4
	  No   bedding   required   except   if   rock   foundation ,   use      D O    12     minimum, not less than 150 mm
	No Compaction is required, except if Category III,

Use 85%
	No Compaction is required, except if Category III,

Use 85%
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Table 9. The values of the seismic and static loadings applied in FE.






Table 9. The values of the seismic and static loadings applied in FE.





	
Static Loads

	
Gravity (Soil weight) N

	
9.81




	

	
Traffic loads (Pa)

	
74,137




	
Internal sewage water pressure in the pipe

	
276,000–414,000 Pa




	
Fault displacement in the middle part of GPC pipe

	
0.1 m




	
Seismic Loads (1)

(Tabas (Iran), 1978)

	
Peak displacement of TABAS earthquake (m)

	
0.093 m




	
History time (s)

	
19.78 (s)




	
Seismic Loads (2)

(Friuli (Italy), 1981)

	
Peak displacement of Friuli earthquake (m)

	
0.025 m




	
History time (s)

	
15.175 (s)
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Table 10. Material number defined for meshing in ANSYS.






Table 10. Material number defined for meshing in ANSYS.





	Material Type
	No.
	Density (Kg/m3)





	GPC concrete
	1
	2420



	Internal fluid (Sewage)
	2
	706



	Backfill (Soil type 1)
	3
	2032



	Sidefill and Bedding (Soil type 2)
	4
	1730
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Table 11. Compressive strength of various mixes without alkaline solution (AS).






Table 11. Compressive strength of various mixes without alkaline solution (AS).





	
Mix

	
% FA

	
Compressive Strength (MPa)

	
Curing Conditions




	
7 Days

	
28 Days

	
Water Bath at 21 °C






	
PF10000

	
0

	
21.56

	
31.93

	
Water Bath at 21 °C




	
PF9010B

	
10

	
24.99

	
36.63

	
Water Bath at 21 °C




	
PF8020

	
20

	
25.24

	
37.84

	
Water Bath at 21 °C




	
PF7030C

	
30

	
18.44

	
31.03

	
Water Bath at 21 °C




	
PF5050A

	
50

	
11.68

	
24.53

	
Water Bath at 21 °C




	
PF3070A

	
70

	
5.49

	
12.33

	
Water Bath at 21 °C
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Table 12. The details of concrete mixtures with different ratios of AS for dosages of 30%, 50%, 70% FA.






Table 12. The details of concrete mixtures with different ratios of AS for dosages of 30%, 50%, 70% FA.





	Mix
	% FA
	NaOH

(gr)
	Na2SiO3

(gr)
	Water

(mL)
	Na2SiO3/

NaOH
	NaOH Molarity

(M)
	AS/FA





	PF7030A
	30
	250
	625
	1500
	2.5
	4.16
	0.25



	PF7030B
	30
	250
	625
	1500
	2.5
	4.16
	0.25



	PF5050B
	50
	428
	1070
	1500
	2.5
	7.13
	0.25



	PF3070B
	70
	600
	1500
	1500
	2.5
	10
	0.25
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Table 13. Compressive strength of various mixes with AS for the percentages of 30%, 50%, 70% FA.






Table 13. Compressive strength of various mixes with AS for the percentages of 30%, 50%, 70% FA.





	
Mix

	
% T2PC

	
% FA

	
Average Compressive Strength (MPa)

	
Curing Condition




	

	

	

	
7 Days

	
28 Days

	






	
PF7030B

	
70

	
30

	
8.14

	
14.58

	
Water bath at 21 °C




	
PF5050B

	
50

	
50

	
5.97

	
10.55

	
Water bath at 21 °C




	
PF3070B

	
30

	
70

	
10.02

	
15.63

	
Water bath at 21°C
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Table 14. Material properties for nonlinear concrete in ANSYS calculated based on experimental results of the present study.






Table 14. Material properties for nonlinear concrete in ANSYS calculated based on experimental results of the present study.





	ANSYS Parameters
	Values





	The shear transfer coefficient for open cracks (βt)
	0.2



	The shear transfer coefficient for closed cracks (βC)
	0.8



	Uniaxial cracking stress (fr)
	46.13



	Uniaxial crushing stress (f′c)
	37.84



	Biaxial compressive strength (fcb′)
	45.408



	Ambient hydrostatic stress (σh)
	65.46



	Hydrostatic biaxial crush stress (f1)
	54.86



	Hydrostatic uniaxial crush stress (f2)
	65.08



	Elasticity modulus (E)
	22,000
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