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Table 1 Mix proportion of geopolymer concrete

kg/m?
Fly Fine Coarse
Slag NaOH  Waterglass Water
as aggregate aggregate
200 200 9.86 61.94 666 1134 165.01
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Fig. 1 3D aggregate and 3D concrete model
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Fig. 3 Variation coefficient C of elastic modulus, heterogeneity
parameter m and K-S test under different unit sizes
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Table 2 Number of deleted micro units for introducing bubbles

Volume of Volume of deleted Number of
Type of pores . .
poresx103/mm?  unitesx10/mm®  deleted unites

0-150 0-1.8 1 1
150-300 1.8-14.1 8 8
300-500 14.1-65.4 64 64
500-1000 65.4-523.3 343 343
1000-2000 523.3-4186.7 1000 1000
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Fig. 5 Variation coefficients of mechanical parameters
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Table 3 Reduction coefficient (y) of mechanical properties
of ITZ units containing bubbles with different sizes

Pore Elastic modulus/MPa Peak strength/MPa  Peak strain
size/um Average VE Average Y.  Average .
No pores 19 228 44.93 0.003 1
0-150 19207 0.999 44.71 0.995 0.0031 0.999

150-300 18 903 0.983 41.87 0.932 0.0031 0.990
300-500 16 838 0.876 33.45 0.745 0.0028 0.898
500-1000 9996 0.520 19.54 0.435 0.0027 0.861
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X Geopolymer mortar test results
—Geopolymer mortar constitutive model
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Fig. 7 Fitting of constitutive curve for geopolymer mortar
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mortar before and after parameter adjustment
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Table 4 Simulation orthogonality

Parameters of mortar elements in ~ Simulation results of mortar

model model
Elastic Peak Peak Elastic Peak Peak

modulus stress strain modulus stress strain
1 20 795 43.21 0.002 9 20 968 39.05 0.002 1
2 20 795 4537  0.0033 20970 4092 0.0023
3 20 795 47.53 0.003 8 20970 41.50 0.0024
4 20 795 49.69  0.0042 20970 42.82  0.0029
5 22 875 43.21 0.003 3 23 064 37.37 0.0020
6 22 875 4537 0.002 9 23 064 40.59  0.0020
7 22 875 49.69  0.0038 23 066 4232 0.0022
8 24 954 43.21 0.003 8 25160 36.25 0.0020
9 24 954 47.53 0.002 9 25160 4242 0.0020
10 24 954 49.69  0.0033 25160 4346 0.0021
11 32440 4537  0.0038 32704 37.09 0.0016
12 32440 47.53 0.003 3 32704 40.30  0.001 8
13 32440 49.69  0.0029 32704 4275  0.0017
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Table 5 Material parameters of various phases in microscopic model for geopolymer concrete

Different phase . Elasticmodulus . . . Heterogeneous
. Density p/(kg-m) Poisson’s ratio u Peak stress o/MPa Peak strain ¢
material E/MPa parameters m
Aggregate 2600 50 000" 0.16" 24.00"
Mortar 2250 21131 0.20" 50.62 0.004 2 13.61
1TZ 2250 16 905 0.20" 40.50 0.004 2 10.89
* denotes that the values are defined as per the numerical studies performed by Zheng et al. [25].
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Q
m
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(c) Simulated crack development
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Fig. 9 Damage mode in test, damage mode in modelling and simulated crack development
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Table 6 Energy value of geopolymer concrete with different
aggregate contents under uniaxial compression

W(Aggregate)/ U/ Uoe/ Uge/ U/ Uy/
% (Nm"h) @®Nm) ©Nm') Nm') Nm')
30 0.119 1 0.0054  0.0004  0.0042 0.1149
40 0.1309 0.0056  0.0006  0.0051 0.1258
50 0.150 6 0.0058  0.0006 0.0054 0.1452

W is mass fraction.
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Table 7 Size effect parameters of compressive strength of
geopolymer concrete

Size/mm f./MPa a Aal/%
70 53.30 1.09 8.55
100 51.52 1.05 4.93
150 49.10
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Numerical Simulation of Mechanical Properties of Geopolymer Concrete Considering
Material Heterogeneity and Initial Micro-Pores

LIN Junhua', ZUO Yibing', ZHENG Zhishan?, GAN Yidong!
(1. School of Civil and Hydraulic Engineering, Huazhong University of Science and Technology, Wuhan 430074, China;
2. Wuhan Municipal Engineering Design & Research Institute Co., Ltd., Wuhan 430023, China)

Extended Abstract

Introduction Geopolymer is a green cementitious material produced via the activation of silica-aluminate-rich precursor materials
in an alkaline environment. It has outstanding mechanical qualities and durability. However, the different raw materials and
complicated reaction process of geopolymers result in some parameters affecting mechanical qualities that are difficult to effectively
manage and forecast. It is thus necessary to examine the variation rule of mechanical properties in geopolymer concrete (GPC) under
various conditions via numerical simulation. Though the majority of existing numerical models are applicable to ordinary Portland
cement (OPC), they cannot be directly applicable to GPC due to variations in the chemical characteristics as well as isomorphic model
of mortar and interface transition zone (ITZ) in GPC and OPC. The existing studies lack clear criteria for material inhomogeneity in
each phase of the model, and the majority of them neglect the impact of interior micropores on the model mechanical characteristics.
In this work, an innovative method was used to account for non-homogeneity and determine the mechanical parameters and intrinsic
model of geopolymer materials through experiment. In addition, the impacts of aggregate content, model size, and porosity on the
mechanical properties of GPC were also investigated by the verified model.
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Methods The mechanical parameters and intrinsic model were determined via a geopolymer mortar test, and the model reliability
was verified via a geopolymer concrete test. To prepare the specimens, slag and fly ash were used as precursors, and NaOH and water
glass were used as alkaline activators. A coarse aggregate was a continuously graded gravel with a particle size range of 5-20 mm. A
fine aggregate was a standard sand with a fineness modulus of 2.5. In this proportion, the alkali equivalent (in mass proportion of
Na2O to precursor) was 4%, the water-cement ratio was 0.50, the modulus of alkali solution (Si02/Na20O) was 1.2, and the mortar was
kept in the same proportion of mortar phase in the concrete.

At the simulation level, the Mesh—Placement—Identification—Assignment (MPIA) procedure was utilized to create a 3D GPC
meso-scale model, and the model fundamental conditions were consistent with the experiments. It was assumed that the mechanical
characteristics of each phase material inside the concrete could follow the Weibull distribution, and the mortar phase element
non-homogeneous parameters could be solved using an equivalent unit approach. Also, initial flaws were introduced into the model,
and multi-scale analysis was utilized to assess their impact on mechanical characteristics because the mixing process could form air
bubbles in the concrete. After the model was constructed, the material constitutive model was determined via mortar experimental
curve fitting, and the mortar test results and test algorithms were used to estimate the material mechanical characteristics. The model
was imported into ABAQUS to set the boundary and loading conditions before being compared to the GPC test results obtained after
the simulation. The results indicated that the damage patterns and mechanical characteristics of the test and simulation results could
be nearly compatible, and the model was regarded as reliable.

Results and discussion Based on the validated model, GPC models with different aggregate volume fractions of 30%, 40%, and
50% are simulated under uniaxial compression. The simulation findings reveal that the compressive strength of GPC increases as the
aggregate volume percent increases, as does the energy absorbed for damage. This is because the aggregate plays a role in preventing
crack development, so as the aggregate content increases in a specific range, the crack morphology inside the model becomes more
complex, the energy required for damage increases, thus improving the macroscopic performance of the mechanical properties.

Under uniaxial compression, GPC cubes with the side lengths of 70, 100 mm, and 150 mm are simulated, respectively.
According to the simulation results, the compressive strength of GPC descends when the specimen volume grows. Compared to OPC,
GPC displays the same pronounced size effect phenomena and aligns well with the Bazant theoretical formulation.

The GPC models with internal porosities of 1.9%, 4.3%, and 5.9% are simulated under uniaxial compression, having the
compressive strengths of 49.10, 47.90 MPa, and 46.19 MPa, respectively. The mechanical characteristics of the geopolymer concrete
decrease slightly as the model inside porosity increases. This is since the introduction of pores in this study takes into account both
porosity and pore size distribution, and the number of small-sized pores increases as the porosity increases. The small pores have less
influence on the mechanical properties, and the results show that the model mechanical properties are insensitive to the change of
porosity.

Conclusions A non-homogeneous meso-scale model of GPC was proposed, and the simulation results were similar to the
experimental result. Also, an innovative approach to describe the non-homogeneity of GPC was proposed. The equivalent unit method
was used to determine the non-homogeneity parameter, and the initial microporous defects were characterized via multiscale
modeling and folding coefficients. The energy required to destroy GPC and the compressive strength increased with increasing
aggregate content. As the model size increased, the mechanical characteristics of GPC decreased, aligning with Bazant's theory. The
mechanical characteristics of geopolymer concrete diminished slightly as initial microporosity increased.

Keywords geopolymer concrete; mechanical properties; numerical simulation; heterogeneous model; initial defect



