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Abstract 
 

To study the bonding shear performance of the casting interface in the functionally gradient concrete (FGC), a multiphase 
mesoscopic finite element modeling method was proposed to simulate a sandwich FGC specimen with the normal weight 
concrete (NWC) cast on the hardened ceramsite lightweight aggregate concrete (LWAC) layer. Four kinds of phases are 
considered during modeling: coarse aggregates, mortar substrate, interface transition zone (ITZ) between the mortar and 
coarse aggregates, and the casting interface transition zone (C-ITZ). Each phase in the model is endowed with the respective 
material property based on the constitutive damage plastic model (CDP). The structural characteristics of the C-ITZ that are 
related to the casting construction of the FGC are fully considered in the proposed modeling method. Based on the verification 
by corresponding experiments, the internal damage is developed, and the failure mechanisms of the FGC model are 
effectively reflected by the simulation. For the designed FGC specimen corresponding to the experiment, the weak position 
is proved to be located on the C-ITZ. The damage development and damage characteristics of the given FGC specimen are 
more related to the casting interval time of the FGC. 
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1. Introduction 

Functionally gradient material (FGM) is a new type of 

heterogeneous composite material, in which two or more 

different kinds of materials continuously and smoothly change 

from one side of the material to the other by advanced 

composite technology. In 1999, the concept of gradient was 

first introduced into the interface problem of cement-based 

concrete;[1] and the research on the FGC has become an 

important branch of the engineering material in recent years.[2] 

The application of the gradient concrete can effectively 

improve the synthetic performance of cement-based materials 

to solve the problem of the weaker interface, single functional, 

lower tensile strength, poor toughness and so on;[3] and it also 

can extend the applicability of the concrete in complex and 

special engineering environments.[4] The hybrid FGC, 

composed of the normal weight concrete (NWC) and the 

ceramsite lightweight aggregate concrete (LWAC), can 

effectively integrate the advantages of both types of concrete 

together. Akmaluddin et al.[5] discussed the connection 

behavior of the hybrid precast concrete column and the 

sandwich concrete beam under the static loading. Ji et al.[6] 

analyzed the variation of the mid-span deflection of the 

composite beam composed of the reactive powder concrete 

(RPC) and normal weight concrete (NWC) considering the 

influence of the prestressing degree, the RPC height and the 

NWC strength; the higher the pre-stressing degree, the longer 

the elastic stage before the crack, and the faster the stiffness in 

strengthening stage decreases after yielding. Campi et al.[7],[8] 

proposed a closed-form solution on two-layer beams 

considering the interlayer slip, in which a linear and non-

proportional law relating interfacial shear tractions and slips is 

chosen to describe the interfacial behavior. As a kind of typical 

multiphase inhomogeneous material, the bonding 

performance and failure mechanism of FGC need thorough 

studies from multi perspectives.[9] 

For the simulation analysis, Yao et al.[9] divided the 

recycled concrete into five components at the mesoscopic 
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scale: old and new hardened mortar units, internal and external 

interface area units, and natural aggregate units; and 

established a two-dimensional randomly packing model of 

circular aggregate. A modeling method of two-dimensional 

mesoscopic scale random aggregate was proposed to establish 

the circular, oval, and polygon random aggregate models.[11] 

Zhang et al.[12] suggested the random walking algorithm for 

three-dimensional polygonal aggregate packing, and the 

distribution of aggregates was verified to satisfy the Fuller 

change curve. In fact, there is a typically physical structure for 

the interfacial layer in FGC which is important to guarantee 

the integration and coordination of the members. The structure 

of the interfacial layer is directly related to the construction 

technology, the casting interval time of the FGC members and 

so on. It is needed to carefully consider the physical structure 

and the material property of the interfacial layer in FGC to 

accurately simulate the performance of the FGC. In this paper, 

the sandwich FGC specimen model was designed with NWC 

cast on the ceramsite lightweight aggregate concrete (LWAC) 

in layers; and a multiphase mesoscopic finite element 

modeling method was proposed. The physical structure of the 

casting interface transition zone (C-ITZ) in FGC was specially 

modeled in detail and the mechanical performance of the FGC 

model was simulated based on the experimental results. 

 

2. Multiphase mesoscopic model of FGC 

2.1 Structural details of the FGC 

 

Fig. 1 FGC specimen model and the experiment loading (a) The 

FGC model; and (b) experiment blocks and loading.  

To study the interfacial bonding performance of FGC with 

NWC cast on the LWAC in layers, a sandwich specimen model 

is designed as shown in Fig. 1(a). The internal layer is LWAC 

substrate precast in advance, and two layers on both sides of 

the middle layer are NWC cast with a certain interval time late. 

The casting interface of the FGC is handled with the mortar 

retarder in the experiment. For a single kind of concrete 

material, it can be simulated at the mesoscopic scale as a 

composite is composed of the mortar substrate, coarse 

aggregate, the interface transition zone (ITZ) contacting the 

mortar and aggregates. 

The modeled FGC is considered to be composed of four 

basic phases due to the special material property and structural 

detail of the C-ITZ. To describe the properties of the designed 

FGC model in detail, it can be divided into the normal 

aggregate (N-AGG), the mortar substrate (N-M) in NWC, ITZ 

between N-AGG and N-M (N-ITZ), the ceramsite lightweight 

coarse aggregate (L-AGG), the mortar substrate (L-M) in 

LWAC, ITZ between L-AGG and L-M (L-ITZ). Besides, the 

C-ITZ bonding between the NWC and LWAC is an important 

internal phase in the model. 

2.2 Coarse aggregates 

To build the two-dimensional mesoscopic model of the 

concrete, the three-dimensional gradation of the coarse 

aggregate in three-dimension must first be transformed to the 

two-dimensional. Based on the Fuller formula, the probability 

transforming the three-dimensional grading curve into that of 

the two-dimension specimen from a point with the aggregate 

diameter D<Do is expressed as,[13] 

 

𝑃𝑐(𝐷 < 𝐷𝑜) =

𝑃𝑘 [
1.065 (

𝐷𝑜

𝐷𝑚𝑎𝑥
)

0.5
− 0.053 (

𝐷𝑜

𝐷𝑚𝑎𝑥
)

4
− 0.012 (

𝐷𝑜

𝐷𝑚𝑎𝑥
)

6

−0.045 (
𝐷𝑜

𝐷𝑚𝑎𝑥
)

8
+ 0.0025 (

𝐷𝑜

𝐷𝑚𝑎𝑥
)

10 ]    (1) 

in which Do is the sieve diameter, Dmax is the maximal 

aggregate size and Pk is the volume ratio of the aggregate to 

the total volume. 

 

In the two-dimensional model, the probability 

distribution function Pc (Do＜D) is obtained to calculate the 

amount of coarse aggregates with the diameter equaling to Do, 

 

𝑛𝑖 = (𝑃𝑐𝑖 − 𝑃𝑐𝑖+1)
𝐴

𝐴𝑖
                                (2) 

 

where ni denotes the amount of coarse aggregates for a given 

diameter, A is the total area of the 2-D model, and Ai is the 

cross-sectional area of the considered aggregate. 

According to the distribution of particle sizes of the 

aggregates in the experiment, four gradation parameters are 

selected to calculate the amount of the ceramsite coarse 

aggregates and normal coarse aggregates in the FGC model. 

The sequential aggregate sizes are 2mm-5mm, 5mm-10mm, 

10mm-15mm and 15mm-20mm. 

2.3 Modeling of the FGC 

To build the mesoscopic model of layered FGC, the throwing 

and locating of coarse aggregates, the building of ITZ 

surrounding coarse aggregates and C-ITZ between the NWC 

and LWAC layer are essential. The most important is the 

modeling of the C-ITZ because it is directly related to the 

processing method of the casting interface and the 

constructional procedure. The mortar retarder is used to handle 

the casting interface of the sandwich FGC blocks in the 

experiment. The handled interface before casting is shown in 



ES Materials & Manufacturing                                                                                                                                                              Research article 

 

© Engineered Science Publisher LLC 2020                                                                 ES Mater. Manuf., 2020, 9, 3-11 | 5 

Fig. 2(a), which characterizes with some of the coarse 

ceramsite aggregates locally exposed out the casting surface. 

Therefore, this important structural detail of the casting 

interface should be characterized in modeling. 

 

Fig. 2 Appearance of the casting interface ((a) after handled with 

mortar retarder; and (b) after shear loading experiment). 

2.3.1 Modelling of coarse aggregates and ITZ 

The ceramsite coarse aggregates L-AGG is simplified as the 

elliptical shape with different sizes and ratios of the long axis 

to the short during modeling; and the normal coarse aggregates 

N-AGG is simplified as random polygons. The randomly 

throwing algorithm is adopted to generate the coarse 

aggregates L-AGG and N-AGG in the model. The circular 

base is first defined to randomly throw, locate and distinguish 

the L-AGG and N-AGG in different mortar substrate regions 

in the model. The grouping, amount and sizes of the circular 

base are determined according to the gradation of coarse 

aggregates, the mix design and the volume ratio of aggregates 

in the experiment. As shown in Fig. 3, the L-AGG is located 

based on the given random number describing the long axis 

direction and ratios of the long axis to the short. Similarly, N-

AGG is generated according to the given side number and 

vertex coordinates. 

The FGC model is a sandwich structure characterized by 

the LWAC layer clamped by two NWC layers on both sides, 

as shown in Fig. 4. The middle LWAC layer is first 

prefabricated; then NWC is cast after a certain interval time 

and the interface is handled by the mortar retarder. Therefore, 

the interface handled by the mortar retarder before casting the 

NWC is characterized with many ceramsite coarse aggregates 

exposed outside the interface, which is shown in Fig.2(a). 

To simulate the structural characteristic of the casting 

interface in the FGC, the throwing region boundary of L-AGG 

in LWAC is first given and shown in Fig. 4. Parameter “a” is 

defined as the thickness of the initial interface handled by the 

mortar retarder. After the position of L-AGG is finished, the 

throwing region boundary of the N-AGG in NWC on both 

sides of the middle LWAC layer is redefined by the casting 

interface lines. During the throwing, it is needed to ensure that 

the circular bases cannot collide or contact each other. 

 

 

 

 
 

Fig. 3 Circular bases of the aggregate model ((a) L-AGG ceramsite 

aggregate; (b) N-AGG Polygon aggregate). 

 

The area of all coarse aggregates is about 43% of the total 

FGC model area calculated according to Eq. (1) and Eq. (2) 

from the experimental mixture proportion. Research indicates 

that the thickness of the ITZ in concrete is about 15~50 

microns.[14] The observation results from the scanning electron 

microscope (SEM) of high-performance concrete indicate that, 

in the range (0-100 μm) of the ITZ, the hydration products, the 

density of the hydration products and the pores changed as the 

curing age increased. It can be concluded that the weaker place 

in the ITZ is at the range of 0-15 μm.[15] If the mechanical 

parameters of each phase in the concrete model are proper, a 

satisfying simulation result that fits well with the macroscopic 

mechanical performance can be obtained with a slightly larger 

thickness of ITZ in the model.[16] Referring to relevant 

researches and considering the mesh and computing time 

during the simulating calculation, the thickness of ITZ is 

assumed as 100 and 50 microns respectively in the given FGC 

model for comparison. The corresponding parameters setting 

up in the model are corrected according to the experimental 

result. 

After the initial positioning of L-AGG and N-AGG is 

finished, the final L-AGG and N-AGG in the model are 

generated by shrinking the initial L-AGG and N-AGG shapes 

to a certain ratio based on their circle center. Subtracting the 

initial L-AGG and N-AGG shapes by their shrunk shapes 

generates the L-ITZ and N-ITZ model surrounding each 

coarse aggregate.  

2.3.2 Modelling of C-ITZ 

After building the mortar substrate and L-AGG models of the 

LWAC layer, the C-ITZ phase is generated by copying and 

moving the two side boundaries of the LWAC layer a certain 

distance outside which equals to the thickness of the C-ITZ. 

The experiment is designed that both sides of the NWC layers 

are cast after the casting interface is handled by the mortar 

retarder. Therefore, the N-AGG in NWC does not intrude into 

the C-ITZ in the model. The detail of the multiphase 

mesoscopic model of the FGC is shown in Fig. 5. 
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Fig. 4 Positioning scheme of coarse aggregates in the FGC model. 

 

 

Fig. 5 Multiphase mesoscopic model of FGC. 

2.4 Constitutive model of each phase in FGC 

The constitutive damage plastic model (CDP) is a general 

model to simulate the concrete performance under cyclic and 

dynamic loads. It describes the inelastic performance of 

concrete based on the isotropic damage elasticity together with 

the isotropic stretching and compression damage plasticity. It 

is assumed that the concrete is damaged because of the tensile 

cracking and compression crushing. The necessary parameters 

to describe the CDP of each phase in FGC are the tensile and 

compression stress-strain curves, the tensile and compression 

damage factor-inelastic strain curves. If lacking adequate 

experimental results, these parameters can be determined 

according to the stress-strain curve together with the principle 

of energy equivalence.[17] The tensile and compression stress-

strain curves are shown in Fig. 6. 

The inelastic strain can be calculated according to the 

relationship of the parameters in the stress-strain curve as 

expressed by Equations (3) and (4):  

𝜀𝑐
𝑖𝑛 = 𝜀𝑐 − 𝜀𝑜𝑐

𝑒𝑙；𝜀𝑜𝑐
𝑖𝑛 =

𝜎𝑐

𝐸𝑜
;   𝜀𝑐

𝑝𝑙
= 𝜀𝑐

𝑖𝑛 −
𝑑

(1−𝑑)

𝜎𝑐

𝐸𝑜
        (3) 

𝜀𝑡
𝑐𝑘 = 𝜀𝑡 − 𝜀𝑜𝑡

𝑒𝑙；𝜀𝑜𝑡
𝑒𝑙 =

𝜎𝑡

𝐸𝑜
；𝜀𝑡

𝑝𝑙
= 𝜀𝑡

𝑐𝑘 −
𝑑

(1−𝑑)

𝜎𝑡

𝐸𝑜
        (4) 

 

in which 𝜀𝑐
𝑖𝑛  and 𝜀𝑡

𝑐𝑘  are the inelastic strain of the 

compression and tension respectively; εc and εt are the actual 

compressive and tensile strain; 𝜀𝑜𝑐
𝑖𝑛  and 𝜀𝑜𝑡

𝑒𝑙   are the elastic 

strain in compression and tension at the initial stiffness level; 

and d is the damage factor representing the degradation of the 

elastic stiffness of concrete. Its value varies from 0 

(nondestructive) to 1 (total loss); 𝜀𝑐
𝑝𝑙

  and 𝜀𝑡
𝑝𝑙

  are the plastic 

strain in compression and tension, and their values should be 

greater than 0 and increase with the value of 𝜀𝑐(𝜀𝑡) to indicate 

that the concrete enters the plastic softening stage. 

The fracture energy is a substantial material property to 

measure the ability of materials to resist the damage crack 

growth.[18] Considering the uncertainness of the parameters 

influencing the damage representation in the simulation and 

according to the energy equivalence principle of Sidiroff,[19] 

the residual elastic energy generated by the stress acting on the 

damaged material equals to that in the non-destructive 

material. Thus, the damage factor of concrete can be expressed 

by Equation (5),  

 

𝑑 = 1 − √
𝜎

(𝐸o𝜀)
                                  (5) 

 

where d is the damage factor, σ is the true stress, ε is the real 

strain, and Eo is the initial elastic modulus. 

2.5 Mechanical parameters of phases in FGC 

There are seven kinds of internal phases needed to be defined 

for the multiphase mesoscopic model: N-AGG, N-M, N-ITZ, 

L-AGG, L-M, L-ITZ and C-ITZ. The compressive and tensile 

strengths of N-AGG can be obtained by the point loading test 

of the rock.[20] The elastic modulus and tensile strength of L-

AGG can be determined according to European codes and 

tests.[21] The tensile strength of L-AGG is about 1/8 of the 

compressive strength, and it increases with increasing the 

particle density of the L-AGG. The elastic modulus of L-AGG 

is determined by Equation (6),  

𝐸LC = 0.008𝜌𝑎
2                                  (6) 

 

where ρa is the apparent density of L-AGG. 
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Fig. 6 Uniaxial stress-strain relationship curves and inelastic strain of concrete ((a) Diagram of compression stress-strain relationship 

and inelastic strain 𝜀𝑐
𝑖𝑛; and (b) Diagram of tension stress-strain relationship and inelastic strain 𝜀𝑡

𝑐𝑘). 

 

The parameters of the mortar substrate in concrete can be 

determined from the relevant literature,[22] and the compressive 

and tensile strengths can be obtained from the following 

empirical formula (Equations (7&8)) according to the water-

cement ratio in the mortar, 

𝑓tm = 1.4𝐿𝑛(𝑓cm) − 1.5                             (7) 

 

𝑐/𝑤 = 0.047𝑓cm + 0.5                              (8) 

 

in which fcm and ftm are the compressive and tensile strengths 

of the mortar respectively, c/w is the water-cement ratio. 

ITZ is considered as a kind of mortar matrix substrate 

material with higher porosity, and its mechanical properties 

can be characterized by the weakened mortar matrix 

material.[23] It indicates that the strength of N-ITZ is among 40% 

and 80% that of the mortar.[21] Due to the internal porous 

characteristics of the ceramsite, the internal water releases in 

the later hydration stage. These factors can increase the 

strength of the surrounding L-ITZ to a certain extent. At the 

same time, the rough surface of the L-AGG will enhance the 

engagement with L-ITZ. Therefore, the strength of L-ITZ is 

higher than that of N-ITZ. In addition, other parameters of N-

ITZ and L-ITZ are the same as those of the N-M and LC-M 

respectively. 

Research shows that C-ITZ is the weak link in the FGC, 

and the failure mode of the shear specimen breaks along the 

casting interface. If the hardened LWAC layer is assumed as a 

super large aggregate, the C-ITZ can be considered as a kind 

of special ITZ[24] formed on the surface of the super large 

aggregate. Therefore, the property of the C-ITZ can be 

characterized by that of the weakened N-M material referring 

to the related calculation method of the strength of N-ITZ.[23] 
At last, the property parameters of each phase in the FGC 

model are listed in Table 1. 

 

2.6 Boundary condition setting of the model and solving 

Being consistent with the experimental loading scheme shown 

in Fig.1(b), the local rigid boundary condition is set at the 

supports and the loading point to avoid the local stress 

concentration during computing. The displacement loading 

method is used to control the computing; and the explicit 

dynamic FEM analysis method is adopted to simulate the 

bonding performance of the designed FGC model under the 

shear loading. 

 

Table 1. Mechanical parameters of each phase in the FGC model. 

Name 
Density ρ 

(kg/m3) 

Elastic 

modulus 

E/GPa 

Poisson's 

ratio 

ν 

Shear 

angle 

ψ(°) 

Eccentricity 

η(%) 

Stress 

ratio 

fbo/fco 

K 

Compressive 

strength 

σc/MPa 

Tensile 

strength 

σt/MPa 

N-AGG *2880 *50 *0.16 *30 *0.1 *1.16 *0.67 *80 *6 

N-M *2100 *30 *0.20 *30 *0.1 *1.16 *0.67 *32.98 *3.4 

N-ITZ *2100 *25 *0.20 *30 *0.1 *1.16 *0.67 *24.74 *2.99 

L-AGG &1796 *25.8 *0.18 *30 *0.1 *1.16 *0.67 #22.4 *2.8 

L-M *2100 *31 *0.20 *30 *0.1 *1.16 *0.67 *36.93 *3.55 

L-ITZ *2100 *28 *0.20 *30 *0.1 *1.16 *0.67 #29.54 #3.24 

C-ITZ *2100 #23 *0.20 *30 *0.1 *1.16 *0.67 #19.79 #2.68 

                     * from the relevant reference，#from the trial simulation，&from the experimental test. 
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3. Results and discussion 

3.1 Experiment and the verification of the model 

A series of sandwich FGC experimental blocks of 

150mm×150mm×150mm dimensions were made with the 

LWAC layer as the middle substrate cast by NWC on both 

sides. Three casting interval time, 10 hours, 2 days and 28 days, 

were considered in the experiment; and the casting interface 

was handled by the mortar retarder. The mixture ratio of 

LWAC and NWC is listed in Table 2. The stacking and 

apparent densities of the ellipsoidal ceramsite aggregate are 

988 and 1796 kg/m3, respectively, and the cylindrical 

compression strength of the ceramsite aggregate is 8.4 MPa. 

The typical appearance of the casting interface after handled 

with the mortar retarder is shown in Fig.2 (a). 

The experimental blocks were taken out in time for the 

shear loading test as shown in Fig.1(b) after 28 days of 

standard curing saturated in water; and the loading speed was 

6 kN/sec. The experimental blocks were finally damaged 

characterizing with typical brittle shear failure. The final 

representative failure state of the blocks is shown in Fig.7. The 

shear damage interface is characterized with clear adhesion 

between the LWAC middle layer and the NWC layer with the 

casting interval time being 10 hours. Moreover, this adhesive 

internal damage in the LWAC layer is obvious than that in 

NWC layers on both sides. It is due to the weaker strength of 

the LWAC and the ceramsite aggregates in it compared to that 

of the NWC and the crushed stones. As the casting interval 

time extending, this adhesive damage characteristic is weaker. 

For the case with the casting interval time being 28 days, the 

shear damage cracks of the blocks were typical smooth as 

shown in Fig.7(c). At the same time, there is a clear decrease 

in the final shear loading capacity for the experimental blocks 

with the increase in casting interval time. 

To simulate the influence of the casting interval time on the 

performance of the FGC blocks, the related main parameters 

of the C-ITZ in the model were determined by a series of 

gradual simulation trials and analyses based on the 

experimental results. The obtained parameters are listed in 

Table 3. 

For the modeling verification and comparison with the 

experiment, the relative shear displacement of the middle 

LWAC layer to the NWC layers on both sides of the 

experimental blocks with the casting interval time being 2 

days is extracted and shown in Fig.8. The result from the 

simulation matches well on the whole with the experimental 

results. The shear displacement variation with regard to the 

loading from the simulation shows a typically linear 

characteristic until to the elastic limit. Subsequently, the FGC 

performs with the internal damage crack emerging and being 

developed. During this stage, the load-displacement curve 

changes into unsmooth as the load increases due to the uneven 

internal damage happening. It is not until the ultimate load 

state that the internal crack damage develops very quickly. 

 

 

Fig. 7 Final failure state of Sandwich blocks under shear loading 

with different casting interval times. 

 

Fig. 8 Relative shear displacement relationship of the FGC 

specimen blocks and model. 

 

3.2 Simulation results considering different casting 

interval time 

Corresponding to the experimental grouping, the model mesh 

and simulation results are shown in Fig. 9 for the casting 

interval time being 10 hours, 2 days and 28 days, respectively. 

The physical structure characteristic of the C-ITZ is reflected 

in detail in the randomly aggregates model shown in Fig.9(a). 

The internal damage can be reflected by the plastic strain 

parameter of the CDP model. Fig. 9(b)-Fig. 9(e) shows the 

developing of the internal damage in the FGC model with 

regarding to the shear loading. 

There is no internal damage emerging in the model during 

the loading beginning state. The FGC performs with typically 

linear elastic characteristics; and the C-ITZ deforms mainly 

with the shear characteristic. For all cases with different 

casting interval times in modeling, the internal damage first 

emerges locally along the C-ITZ shown in Fig. 9(b). When the 

damage in the C-ITZ develops to meet the exposed ceramsite 

aggregate particle on the casting interface, the ceramsite is 

damaged due to its lower strength as the load increases as 

shown in Fig. 9(c). But this state is different for different 

casting interval time. Because of the excellent bonding 

performance of the C-ITZ with a shorter casting interval time 

being only 10 hours, the main mechanical parameters of the 

C-ITZ in the model, the elastic modulus, the compressive 

strength and the tensile strength are higher than those of L-

AGG exposed on the C-ITZ. The internal damage in the 

exposed cermasite aggregates on the C-ITZ is more distinct 

than the other two cases. Comparatively, for the casting 
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interval time being 28 days, the mechanical property of the C-

ITZ listed in Table3 is much weaker than that of the L-AGG 

in the model. Therefore, as the damage in the C-ITZ develops 

meeting the exposed ceramsite aggregates, the damage in the 

L-AGG is less obvious than that happened in cases with the 

casting interval time being 10 hours or 2 days. This difference 

is shown in Fig. 9(c) and Fig. 9(d). Finally, the failure state of 

the model with the casting interval time being 10 hours is 

characterized with both the shear damage on the C-ITZ and 

the obvious damage in LWAC near the C-ITZ. Moreover, the 

appearance of the damaged surface is very rough. 

Comparatively, the final damaged surface of the model for the 

casting interval time being 28 days is much smoother shown 

in Fig. 9(e), which is coincided with that from the experiment 

shown in Fig. 7(c). There are parts of exposed ceramsite 

aggregates on the C-ITZ with slighter damage compared with 

that of the casting interval time being only 10 hours. 

Table 2. Mixture ratio of LWAC and NWC of the experiment. 

 

 
 

 

 

Fig. 9 Model mesh and the internal damage developing for 

different casting interval times [(a) Mesh of the random 

aggregate model, (b) Internal damage emerging, (c) Damage 

developing, (d) Ultimate loading state, and (e) Final failure 

state]. 
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3.3 Influence of the thickness of ITZs in modeling 

Different thicknesses of the ITZs and mesh in modeling were 

considered to qualitatively study the influence on the 

simulation. Fig. 10 shows the results of the loading process 

with the distribution of the same aggregates but with different 

thicknesses of the ITZs in the model. Under the same 

simulating loading scheme, the ultimate loads for thicknesses 

of 50 and 100 μm are 90.8 and 91.4 kN, respectively as shown 

in Fig. 8; and the corresponding relative slip displacements are 

about 0.032 and 0.031 mm, respectively. The ultimate load 

corresponding to the experiment is 82.8 kN. 

It can be observed from Fig.8 that the load-displacement 

relationship shows an identical coincidence before the internal 

damage emerging in both models with different thicknesses of 

the ITZs. For the approximately equal displacement loading 

steps, there is no obvious difference in the emergence of the 

initial internal damage on the distribution and the position in 

the model. Because of the same distribution of aggregates in 

the model, the damage state of the ultimate load is identical 

except a slight difference in the local damage degree. This 

situation is similar to the final failure state. 

 
 Fig. 10 Results of the model with different thicknesses of the 

ITZs [(a)50 μm, and (b) 100 μm]. 

 

Table 3. Parameters of the C-ITZ in the model for different casting interval time. 

4. Conclusions 

A kind of modeling method of the multiphase mesoscopic 

finite element simulation was proposed to analyze the bonding 

performance of the casting interface in the functionally graded 

concrete (FGC). The designed FGC model is composed of 

NWC layers cast on the LWAC layer on both sides 

corresponding to the experiment. 

(1) The physical structural characteristic of the casting 

interfacial transition zone (C-ITZ) is especially considered in 

the proposed FGC model and is realized in detail in simulation. 

The C-ITZ is physically characterized by the partial exposure 

of ceramsite aggregates on the handled casting interface. 

Considering the physical structural characteristic of the 

casting interface and the material property, C-ITZ is separately 

taken out as an independent internal phase to be simulated in 

the model. 

(2) The load-displacement variation under the shear 

loading from the simulation generally agrees well with that 

from the experiment. As the main position to bear the shear 

load, the internal damage first emerges locally in C-ITZ due to 

the weaker link of the C-ITZ and the lower strength of the 

exposed ceramsite on the casting interface. For a shorter 

casting interval time, the results whether from the experiment 

or the simulation characterize with obviously rough damage 

on the C-ITZ because of a better bonding performance of the 

C-ITZ. With the extending of the casting interval time, the 

damage changes smoother due to the weakening of the 

bonding performance of the C-ITZ. 

(3) At present, there is no clear difference in the simulation 

considering different thicknesses in the proposed modeling. 

As the weaker link in the FGC, the bonding performance of 

the C-ITZ is directly related to the handled method of the 

casting interface, casting interval time, the strength and 

distribution of aggregates near or in the C-ITZ. The 

mechanical performance and physical structure of the C-ITZ 

need further research during the simulation and experiment 

considering the microstructure characteristic, the damage 

crack mechanism and so on. 
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