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Abstract 7 

Architectured polymer-concrete composite (APCC) is a promising structural material with 8 

high mechanical performance. Optimizing the design of APCC for a high flexural strength, high 9 

toughness, and light weight remains a challenge. This paper presents a machine learning-based 10 

optimization framework to design APCC with high specific flexural strength and high toughness. 11 

The proposed framework integrates sequential surrogate modelling, Latin hypercube sampling, 12 

Lion Pride Optimization, and finite element analysis to predict and optimize the flexural 13 

properties of APCC. The framework was implemented into designing APCC beams, which were 14 

fabricated via 3D printing and tested under flexural loads. Results show that the designed APCC 15 

achieved high specific flexural strength and high specific toughness. The architecture of APCC 16 

arrests crack propagation and promotes energy dissipation. Parametric studies were performed to 17 

evaluate the effect of the key design variables of APCC beams on the flexural properties. This 18 

research advances the knowledge and development of APCC. 19 

Keywords: AI-assisted design of materials; architectured polymer-concrete composite (APCC); 20 

high strength and high toughness material; Latin hypercube sampling; Lion Pride Optimization; 21 

sequential surrogate modeling 22 
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1. Introduction 23 

Concrete is the most widely used structural material worldwide. The annual consumption of 24 

concrete is 30 billion tons [1]. Compared with other structural materials such as steel and wood, 25 

concrete has important advantages ranging from constructability to mechanical properties and 26 

durability. Fresh concrete is flowable and can cast desired geometries and volumes of structures, 27 

which is challenging when steel or wood is used. For example, concrete can be used to fabricate 28 

curved façade [2] and large dams [3]. Concrete also owns high compressive strength, high fire 29 

resistance, high availability, low cost, low thermal conductivity, and long durability. However, 30 

concrete is brittle and weak in tension, making concrete easy to crack and fail in tension/flexure.  31 

The current methods used to enhance the tensile and flexural properties of concrete can be 32 

categorized into two types: (1) Continuous reinforcement such as bars, tendons, and meshes, 33 

which can be made using materials with high tensile properties such as steel and fiber-reinforced 34 

polymer (FRP). The most popular types of FRP utilized to reinforce concrete are carbon FRP 35 

(CFRP) and glass FRP (GFRP) [4]. Compared with steel, FRP has lower density, higher tensile 36 

strength, and higher corrosion resistance, but FRP is often brittle and ruptures suddenly, without 37 

exhibiting a large elongation before failure. (2) Discrete reinforcement such as chopped fibers 38 

and nanofibers/nanotubes. Popular chopped fibers used in concrete include steel fibers [5, 6] and 39 

synthetic polymer fibers [7], which are mixed into concrete to make fiber-reinforced concrete. 40 

The chopped fibers enhance the crack resistance through a bridging effect [8]. Representative 41 

examples of high-performance fiber-reinforced cementitious composites (HPFRCC) include 42 

ultra-high-performance concrete (UHPC) and engineered cementitious composites (ECC) [9-11]. 43 

Recently, nanomaterials have been incorporated into concrete to supplement chopped fibers and 44 

provide multi-scale reinforcement for multi-scale cracks [12]. 45 

Electronic copy available at: https://ssrn.com/abstract=4515439



3 

The above two categories of reinforcing solutions have been widely applied since they are 46 

aligned with the current structural design and construction methods. In the design of beams with 47 

continuous reinforcement, longitudinal bars usually near the top and/or bottom surfaces subject 48 

to the largest stresses. Such a philosophy simplifies design and facilitates the construction. When 49 

discrete reinforcement is used, it can be directly added during concrete mixing, without having to 50 

significantly modify the construction process. However, adding fibers to concrete often reduces 51 

the flowability [13], so effective measures should be taken to improve the workability [14]. It is 52 

essential to control the dispersion and orientation of reinforcing fibers. Uneven fiber dispersion 53 

generates weak spots that reduce the crack resistance of concrete [15-17]. The fiber orientation 54 

directly affects the tensile properties of concrete [18]. 55 

Recent advances in manufacturing and construction have created opportunities to develop 56 

novel solutions of reinforcing concrete for high mechanical performance. The unique capability 57 

of three-dimensional (3D) printing for manufacturing spatially-complex geometries has enlarged 58 

the design space of continuous reinforcement. The spatial layout of continuous reinforcement has 59 

gone beyond 1D straight bars and 2D plane meshes because 3D lattices have been printed to 60 

fabricate architectured composites [19-23]. Salazar et al. [24] proposed 3D polymeric lattices 61 

fabricated using polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS) and used to 62 

fabricate polymer-concrete composite (PCC) which achieved strain-hardening properties and 63 

multiple cracks. Xu and Šavija [25] fabricated ABS reinforcement meshes via 3D printing and 64 

found that the use of fine meshes in concrete achieved strain-hardening properties, while the use 65 

of coarse meshes led to a single crack in concrete beams. A few studies have been conducted to 66 

explored the auxetic properties of composites with metal lattices filled with mortar or concrete 67 

[26-29], and found that the impact resistance was increased by auxetic architectures [26, 29]. 68 
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Previous studies demonstrated that it is feasible to use 3D printed polymer reinforcement to 69 

enhance the flexural performance of concrete. When the polymer parts are properly designed, the 70 

PCC can achieve strain-hardening properties and multiple cracks [25]. The light weight and high 71 

corrosion resistance of polymer make it promising to develop lightweight and durable structures. 72 

Another lesson learned from prior studies is that the mechanical properties of PCC are related to 73 

the geometry and dimensions of polymer lattices [25]. To date, the effects of the design variables 74 

of polymer lattices on the mechanical properties of PCC and the mechanisms are still unclear. 75 

To address the knowledge gap, this research aims to: (1) develop an optimization framework 76 

to promote the design of PCC by integrating finite element analysis, Latin hypercube sampling 77 

(LHS), sequential surrogate modeling, and Lion Pride Optimization (LPO); (2) implement the 78 

framework into the design of architectured PCC (APCC) with high specific flexural strength and 79 

high specific toughness; and (3) understand the fracture mechanism of APCC and investigate the 80 

effects of design variables on the flexural strength and toughness of APCC.  81 

The remainder of the paper is organized as follows: Section 2 presents the methods and the 82 

optimization framework; Section 3 elaborates the experimental and simulation results and the 83 

underlying fracture mechanism of APCC for enhancing the specific flexural strength and specific 84 

toughness; Section 4 presents the optimal design of APCC; and Section 5 concludes the findings. 85 

2. Methods 86 

The methods adopted in this paper are elaborated in four subsections: Section 2.1 overviews 87 

the optimization framework; Section 2.2 presents the design of APCC with high specific flexural 88 

properties; Section 2.3 elaborates on the manufacturing and experimental testing of APCC 89 

beams; and Section 2.4 elaborates on the finite element model and the investigated cases used to 90 

evaluate the effect of design variables on the flexural properties of APCC. 91 
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2.1. Overview 92 

An optimization framework is presented to designing APCC with high specific flexural 93 

strength and high specific toughness. The flowchart of the framework is shown in Fig. 1. The 94 

optimization framework includes three steps: (1) A dataset is generated to relate the mechanical 95 

properties of APCC to the key design variables via finite element analysis [30] based on LHS 96 

[31] (Section 2.2.2). (2) The dataset is utilized to develop a sequential surrogate model [32] for 97 

predicting the flexural properties of APCC (Section 2.2.3). (3) The predictive model is integrated 98 

with LPO [33] for determining the optimal design of APCC (Section 2.2.4). Based on this 99 

framework, this research developed finite element models to investigate the effect of design 100 

variables on the mechanical properties of APCC and the underlying mechanisms (Section 2.4). 101 

The proposed method was validated using experimental testing data (Section 2.3). 102 

 103 

Fig. 1. Flowchart of the proposed machine learning-aided optimization framework for designing 104 

APCC with high specific flexural strength and high specific toughness. 105 

Electronic copy available at: https://ssrn.com/abstract=4515439



6 

2.2. Design method 106 

2.2.1. Initial design 107 

The envisioned APCC is composed of architectured polymer lattices and concrete matrix, as 108 

shown in Fig. 2. The APCC is fabricated in two steps. First, a lattice structure is fabricated using 109 

a 3D printer and polymer filaments. Then, the polymer lattice is placed in a mold, and concrete is 110 

poured to cast APCC. A detailed description of the fabrication process is provided in Section 2.3. 111 

 
Polymer Concrete Polymer-concrete 

Fig. 2. Main structure of the APCC composed of architectured polymer lattices and concrete. 112 

In the initial design, the main consideration is the manufacturability: (1) It is feasible and 113 

efficient to manufacture architectured polymer lattices through 3D printing [34]. It is desired to 114 

use consistent filaments with minimal overhanging parts. (2) It is convenient to cast concrete to 115 

fill the voids of architectured polymer lattices. The voids of the architectured polymer lattices 116 

should be interconnected and large enough for fresh concrete to fill and consolidate.  117 

An initial design and the design variables are shown in Fig. 3. The design variables include: 118 

(1) the spacings between adjacent filaments, designed by 𝑑𝑥, 𝑑𝑦, and 𝑑𝑧, which are the spacing 119 

between adjacent filaments along X, Y, and Z; and (2) the sizes of filaments, designed by 𝑣𝑥, 𝑣𝑦, 120 

and 𝑣𝑧, which are the width of each filament along X, Y, and Z. In the initial design, the spacing 121 

between adjacent filaments (𝑑𝑥, 𝑑𝑦, and 𝑑𝑧) is 15 mm along X, Y, and Z; and the width of each 122 

filament (𝑣𝑥, 𝑣𝑦, and 𝑣𝑧) is 5 mm along X, Y, and Z. The concerned properties are the specific 123 

flexural strength (δ) and specific toughness (β), as defined in Eq. (1) and Eq. (2): 124 
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𝛿 =
𝑆

𝐷
 (1) 

𝛽 =  
𝑇

𝐷
 (2) 

where δ and β are the specific flexural strength and specific toughness of APCC, respectively; S 125 

is the flexural strength of APCC; T is the toughness of APCC, defined as the area under the load-126 

displacement curve; and D is the density of APCC. 127 

 128 

Fig. 3. Initial design and definition of the design variables of APCC scalable for large structures. 129 

To assess the performance of the initial design of APCC, five APCC beam specimens were 130 

fabricated and tested under four-point bending until failure, as elaborated in Section 2.3. The 131 

experimental results were then compared with the finite element analysis results obtained, as 132 

elaborated in Section 3. 133 

2.2.2. Establishment of dataset 134 

To optimize the design of APCC, it is necessary to establish a dataset of various designs 135 

of APCC and the corresponding flexural properties. In this research, finite element analysis 136 

was conducted using a commercial software, namely ABAQUS [30], to establish the dataset. 137 

The finite element model and model validation are elaborated in Sections 2.4 and Section 3, 138 
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respectively. The design variables of APCC were used as the input variables. The flexural 139 

properties of APCC were the output variables. The input variables were sampled using the 140 

LHS method [31], which is a statistical method that selects samples randomly in the sampling 141 

space. The LHS method was effective in reducing the number of sampling points [35]. The 142 

recommended number of initial samples was 10 times the number of design variables [36]. In 143 

this research, six design variables were considered, so the number of initial finite element 144 

models was 60. With the sampled input variables of APCC, the flexural properties of APCC 145 

were determined through finite element analysis. After the dataset was generated, it was split 146 

into a training set and a validation set. 147 

2.2.3. Sequential surrogate model 148 

This study developed a sequential surrogate model to approximate the behavior of complex 149 

systems [32]. As a machine learning technique, a sequential surrogate model is utilized when the 150 

system is computationally expensive such as 3D nonlinear finite element analysis that considers 151 

nonlinear material properties and damages, which make the finite element models difficult to 152 

converge. Thus, this research used a sequential surrogate model to predict the flexural properties 153 

of APCC. In the operation of the sequential surrogate model, new sampling points are iteratively 154 

added to the training set based on a sequential sampling technique. This process is recognized as 155 

an active learning/training process, which allows the sequential surrogate model to improve 156 

when more data becomes available [37]. The concept of sequential surrogate models is shown in 157 

Fig. 4. The methods of Expected Improvement (EI) [38, 39] and Mean Square Error (MSE) [40] 158 

were utilized to establish the standards for selecting more samples that are used to enlarge the 159 

training set and enhance the efficiency of sequential surrogate models. More details about infill 160 

criteria for expanding the training set are elaborated in Section 2.2.3.2.  161 
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 162 

Fig. 4. Concept of the sequential surrogate modeling technique employed to design APCC. 163 

The flowchart for establishing the sequential surrogate model is shown in Fig. 5. There are 164 

five main steps [41]: (1) Establish the training and validation datasets (Section 2.2.2). (2) Train 165 

the surrogate model using the training dataset (Section 2.2.3). (3) Test the performance of the 166 

trained predictive model using the validation dataset that is unseen in the training process. Two 167 

performance metrics, the Coefficient of Determination (R2) and the Root Mean Square Error 168 

(RMSE), are employed to quantify the accuracy of the surrogate model (Section 2.2.3.1). (4) 169 

Improve the performance of the trained surrogate model by adding more samples to the training 170 

dataset using two infill criteria, namely EI and MSE (Section 2.2.3.2). (5) Repeat Steps 3 to 5 171 

until the stopping criteria are met. Two stopping criteria are defined in Section 2.2.3.2.  172 

 173 

Fig. 5. Process of the sequential surrogate modelling for predicting and optimizing APCC. 174 
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2.2.3.1. Performance metrics 175 

Two performance metrics were utilized, which are the Coefficient of Determination (R2) and 176 

RMSE, which are defined in Eq. (3) and Eq. (4), respectively. 177 

R2(X,Y)=1-
∑ (xi-𝑦𝑖)

2n
i=1

∑ [yi-mean(yi)]
2n

i=1

 (3) 

𝑅MSE(X,Y)=√
∑ (xi-𝑦𝑖)

2n
i=1

n
 (4) 

where 𝑋 = {𝑥1, 𝑥2, … , 𝑥𝑛} denote the predicted values; 𝑌 = {𝑦1, 𝑦2, … , 𝑦𝑛} denote the actual 178 

values; and n denotes the number of observed data points. 179 

2.2.3.2. Stopping and infill criteria 180 

The stopping criterion determines when the training process is terminated. Two specific 181 

stopping criteria shown in Eq. (5) and Eq. (6) are utilized: 182 

𝑅𝑖
2 ≥ 𝑅𝑇ℎ𝑟𝑒𝑠ℎ

2  (5) 

|𝑅𝑀𝑆𝐸𝑖 − 𝑅𝑀𝑆𝐸𝑖+1| ≤ ∆𝑅𝑀𝑆𝐸𝑇ℎ𝑟𝑒𝑠ℎ(1 + |𝑅𝑀𝑆𝐸𝑖|) (6) 

where subscript i is the quantity of infill samples, and subscript Thresh is the threshold of the 183 

stopping criteria. 𝑅𝑇ℎ𝑟𝑒𝑠ℎ
2  and ∆𝑅𝑀𝑆𝐸𝑇ℎ𝑟𝑒𝑠ℎ  are 0.91 and 0.06×106 kN·mm3/kg, respectively.  184 

To improve the accuracy of the surrogate predictive model, in the training process, more 185 

samples were added to the training dataset before the stopping criteria were met. Two infill 186 

criteria were applied: When R2 is below 0.9, new samples are added using MSE, as defined in 187 

Eq. (7). When R2 is greater than or equal to 0.9, new samples are added using EI, as defined 188 

in Eq. (8). 189 

𝑆̂2(𝑦(𝑥∗)) = 𝜎2( 1 − 𝑡𝜑𝜑−1𝑡) (7) 

𝐸𝐼(𝑥) =
𝑦𝑚𝑖𝑛 − 𝑦̂(𝑥∗)

2
[1 + 𝑒𝑟𝑓 (

𝑦𝑚𝑖𝑛 − 𝑦̂(𝑥∗)

√2𝑆̂2[𝑦(𝑥∗)]
)] +

𝑆̂2[𝑦(𝑥∗)]

√2π
exp [

𝑦̂(𝑥∗) − 𝑦𝑚𝑖𝑛

2𝑆̂2[𝑦(𝑥∗)]
] (8) 
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where 𝜎2 is the dispersion in the mean of the predictive model; 𝜑 is the correlation matrix 190 

between two given input variables; t is the correlation between a newly added sample and the 191 

existing samples in the training dataset; 𝑦𝑚𝑖𝑛  is the current optimal value; erf is to the error 192 

function; 𝑦(𝑥∗) is the predicted value of the new sample; 𝑦̂(𝑥∗) and 𝑆̂2[𝑦(𝑥∗)] are the mean 193 

and variance of the random Gaussian process, respectively. 194 

2.2.4. Optimization method 195 

The design of APCC was formulated as an optimization problem that aims to maximize the 196 

specific flexural strength and the specific toughness. Table 1 lists six design variables and their 197 

ranges, which were determined based on the highest values of the specific flexural strength and 198 

the specific toughness in a parametric study while considering manufacturability (Section 3.1).  199 

Table 1. Ranges of the design variables 200 
Number Design variables Range (mm) 

1 𝑣𝑥 1-12 
2 𝑣𝑦 1-12 
3 𝑣𝑧 1-12 
4 𝑑𝑥 10-40 
5 𝑑𝑦 10-40 
6 𝑑𝑧 10-40 

 201 

In the optimization process, to ensure an appropriate consolidation of concrete, a design 202 

constraint was imposed to enforce that the spacings between adjacent polymer filaments are 203 

not less than 10 mm, which is considered sufficiently large to fill with the mortar. A penalty 204 

function approach was adopted to transform the constrained optimization problem into an 205 

unconstrained optimization problem. A penalized objective function 𝐹𝑃𝑒𝑛𝑎𝑙𝑡𝑦  is defined as 206 

the product of the original objective function F and a penalty function 𝑓𝑝𝑒𝑛𝑎𝑙𝑡𝑦 . 207 

𝐹𝑃𝑒𝑛𝑎𝑙𝑡𝑦 =  𝐹 × 𝑓𝑝𝑒𝑛𝑎𝑙𝑡𝑦 (9) 

𝑓𝑝𝑒𝑛𝑎𝑙𝑡𝑦 = [1 + 𝛾1 × (𝜔𝑥 + 𝜔𝑦 + 𝜔𝑧)]
𝛾2 (10) 
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𝜔𝑖 = {
∑(1 −

𝑑𝑖𝑚𝑎𝑥

𝑑𝑖
)

𝑛

𝑖=1

 𝑖𝑓  𝜔𝑖 > 𝑑𝑖𝑚𝑎𝑥

0 𝑖𝑓  𝜔𝑖 ≤ 𝑑𝑖𝑚𝑎𝑥

 (11) 

where 𝑑𝑖 is the spacing between adjacent filaments; 𝑑𝑖𝑚𝑎𝑥
 is the upper boundary value 208 

constraint for the variable 𝑑𝑖; 𝛾1 and 𝛾2 are two constants; and 𝜔𝑖 = {𝜔𝑥 ,  𝜔𝑦 ,  𝜔𝑧} is the extent 209 

of violation of design limits. In this study, 𝛾1 was fixed at 1.0, and 𝛾2 gradually increased from 210 

1.3 to 3.0 in the optimization process, following the approach described in reference [42].  211 

The optimization task was solved using the LPO algorithm [33], which is a nature-inspired 212 

metaheuristic algorithm. The numbers of generations and population size of the LPO were set 213 

to 300 and 100, respectively. 214 

2.3. Experiments 215 

Seven APCC beams, including five beams with the initial design of APCC and two 216 

beams with the optimal design of APCC, were fabricated for flexural tests. The optimal 217 

design was determined using the proposed method as described in Section 2.2. More details 218 

about the design optimization are available in Section 4.  219 

The beam specimens were fabricated in two steps. First, architectured ABS lattices were 220 

printed through Fused Deposition Modeling (FDM) [43] using a commercial 3D printer 221 

(model: Flashforge Guider II). Computer models of ABS lattices were created and saved as 222 

stereolithography (STL) files, which were utilized to produce ABS lattices layer by layer, as 223 

illustrated in Fig. 6. The ABS filament was heated to a semi-molten state and then pushed 224 

through the nozzle to create 2D slices layer by layer. The parameters used in the 3D printing 225 

process are listed in Table 2. The density and Poisson’s ratio of ABS are 792 kg/m3 and 0.35, 226 

respectively. This study adopted ABS as the polymer material to develop the methods. Other 227 

polymers can be used to replace ABS in future investigations. 228 
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 229 

Fig. 6. Fabrication of 3D polymer lattices for APCC based on the 3D printing through FDM. 230 

Table 2. Parameters of 3D printing 231 
Printing parameter Configuration 
Nozzle diameter 0.4 mm 
Layer thickness 0.1 mm 
Maximum speed 70 mm/s 
Minimum speed 5 mm/s 

Temperature 240 °C 
Infill density 100% 
Fill pattern Line 

Filament material ABS 
  

The polymer lattices were placed in beam molds, followed by casting concrete. Each 232 

mold measured 76 mm × 50 mm × 300 mm and was oiled before the placement of polymer 233 

lattices. The concrete represents a typical construction mortar. The formulation is listed in 234 

Table 3. The water-to-binder ratio was 0.45. The binder was composed of Type I Portland 235 

cement and slag sourced from a local supplier in New Jersey, USA. The chemical 236 

compositions and physical characteristics of the Portland cement, slag, and river sand are 237 

listed in Table 4. To improve the flowability, a high-range water reducer was used. The 238 

mini-slump spread was 300 mm, which is sufficient to achieve self-consolidation without 239 

having to apply external vibration. The compressive strength was evaluated using cubic 240 
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specimens (50 mm × 50 mm × 50 mm) according to ASTM 109 C [44]. Each test was 241 

replicated three times. The compressive strength at 7 days was 35 MPa ± 3 MPa. The density 242 

and Poisson’s ratio were 2500 kg/m3 and 0.2, respectively. The elastic modulus was 243 

evaluated in accordance with ACI 318 [45]. 244 

Table 3. Mixture design of concrete 245 
Type I Portland cement Slag River sand Water HRWR 

739.4 0 1244.1 295.7 3.0 
     

Table 4. Chemical and physical properties of the dry ingredients of concrete 246 
Components Type Ⅰ Portland cement Slag River sand 

SiO2 (%) 22.44 36.21 80.30 
Al2O3 (%) 2.76 11.10 10.50 
Fe2O3 (%) 2.24 0.76 3.43 
CaO (%) 68.05 43.75 1.72 
MgO (%) 0.91 5.09 1.70 
SO3 (%) 2.25 2.21 1.07 

Na2O (%) 0.19 0.23 - 
K2O (%) 0.11 0.40 - 
TiO2 (%) 0.14 0.58 - 
P2O5 (%) 0.09 0.02 - 

Mn2O3 (%) 0.03 0.36 - 
C3S (%) 62.35 - - 
C2S (%) 20.28 - - 
C3A (%) 1.42 - - 

C4AF (%) 5.83 - - 
Loss of ignition (%) 1.28 0.72 1.28 

Specific gravity (g/cm3) 3.15 2.9 2.65 
    

Immediately after concrete casting, the beams were covered by plastic sheets to avoid 247 

moisture loss. The beams were kept in molds for 24 hours. After the molds were removed, 248 

the beams were stored in a curing tank with a lime-saturated solution. After the beams were 249 

cured for 7 days, they were air dried for 24 hours (room temperature: 20 ± 2 ºC; relative 250 

humidity: 50% ± 5%). 251 

The beams were then tested until failure with a four-point bending test setup, as shown in 252 

Fig. 7. The beams were supported by two rollers and loaded by two other rollers that were 253 

attached to a universal load frame (model: Instron 5960). The span length was 260 mm, and 254 
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the load spacing was 94 mm. The tests were conducted under a displacement control mode 255 

with a displacement rate of 1 mm/min. The deflections of the beam was monitored using 256 

displacement sensors. The loading was terminated after the carried load dropped to below 257 

85% of the peak load. 258 

  
(a) (b) 

Fig. 7. Example of APCC beams under four-point bending: (a) front view, and (b) side view.  259 

2.4. Finite element analysis 260 

The mechanical behavior of APCC beams was analyzed via 3D finite element analysis, 261 

as shown in Fig. 8 [30]. A mesh sensitivity analysis was conducted to determine a proper 262 

mesh size, which was 5 mm. Concrete and polymer lattices were modeled using 3D eight-263 

node solid elements with reduced integration (C3D8R). The interaction between polymer and 264 

concrete was defined with a keyword “embed”, without considering interfacial debonding. 265 

The boundary conditions of beams were consistent with the tests. Vertical loads were applied 266 

under displacement control. The energy dissipation of concrete and polymer was considered 267 

by defining Energy Dissipated per unit Volume by Plastic Deformation (EPDDEN) in the 268 

history output. 269 

    
(a) (b) 

Fig. 8. Finite element model of the beams: (a) meshed model, and (b) loading and boundary 270 

conditions. 271 
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The constitutive relationships of concrete and ABS are shown in Fig. 9. The damages of 272 

concrete were considered using a Concrete Damaged Plasticity (CDP) model, which has been 273 

utilized to consider compressive and tensile damages of concrete, as shown in Fig. 9(a). The 274 

parameters of the CDP model are listed in Table 5. More details of the CDP models are 275 

available in references [46, 47]. 276 

  
(a) (b) 

Fig. 9. Constitutive relationships of the used materials: (a) concrete [48]; and (b) ABS [49]. 277 

Table 5. Parameters of the adopted CDP model 278 
Density 
(kg/m3) 

Poisson’s 
ratio 

Young’s 
modulus (GPa) 

Dilation 
angle Eccentricity fb0/fc0 K Viscosity 

parameter 
2500 0.2 30 31 0.1 1.16 0.67 0 

        

The ABS was considered as a ductile material, and the tensile properties were modelled 279 

using a multi-linear model, as shown in Fig. 9(b). The mechanical properties of ABS are 280 

listed in Table 6. The density of ABS was 792 kg/m3. 281 

Table 6. Mechanical properties of ABS 282 

Young’s modulus 
(GPa) 

Poisson’s 
ratio 

Yield strength 
(MPa) 

Ultimate 
strength (MPa) 

Plastic 
strain 

Ductile damage 
Fracture 

strain 
Stress 

triaxiality 
Strain 
rate  

2.4 0.35 25.77 33.32 0.0455 0.05 0.333 0.0002  
         

2.4.1. Parametric study 283 

Based on the finite element model, the effect of the variables of the polymer lattices on 284 

the flexural properties of APCC was evaluated via a parametric study, as listed in Table 7.  285 
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Table 7. Investigated cases in the parametric study 286 
Design 

variables 
Designation 𝑣𝑥 𝑣𝑦 𝑣𝑧 𝑑𝑥  𝑑𝑦 𝑑𝑧 

Initial 5 5 5 15 15 15 

𝑣𝑥 

𝑣𝑥-1 1 5 5 15 15 15 
𝑣𝑥-3 3 5 5 15 15 15 
𝑣𝑥-7 7 5 5 15 15 15 
𝑣𝑥-9 9 5 5 15 15 15 

𝑣𝑦 

𝑣𝑦-1 5 1 5 15 15 15 
𝑣𝑦-3 5 3 5 15 15 15 
𝑣𝑦-7 5 7 5 15 15 15 
𝑣𝑦-9 5 9 5 15 15 15 

𝑣𝑧 

𝑣𝑧-1 5 5 1 15 15 15 
𝑣𝑧-3 5 5 3 15 15 15 
𝑣𝑧-7 5 5 7 15 15 15 
𝑣𝑧-9 5 5 9 15 15 15 

𝑑𝑥 

𝑑𝑥-10 5 5 5 10 15 15 
𝑑𝑥-20 5 5 5 20 15 15 
𝑑𝑥-25 5 5 5 25 15 15 
𝑑𝑥-30 5 5 5 30 15 15 

𝑑𝑦 

𝑑𝑦-10 5 5 5 15 10 15 
𝑑𝑦-20 5 5 5 15 20 15 
𝑑𝑦-25 5 5 5 15 25 15 
𝑑𝑦-30 5 5 5 15 30 15 

𝑑𝑧 

𝑑𝑧-10 5 5 5 15 15 10 
𝑑𝑧-20 5 5 5 15 15 20 
𝑑𝑧-25 5 5 5 15 15 25 
𝑑𝑧-30 5 5 5 15 15 30 

        

The number of polymer filaments along X, Y, Z direction can be computed as: 287 

𝑁 = 𝑅𝑜𝑢𝑛𝑑 𝑑𝑜𝑤𝑛 (
𝐾 − 𝑉

𝐷
) + 1 (14) 

where 𝑁 = {𝑛𝑥, 𝑛𝑦 , 𝑛𝑧 } is the number of polymer filaments; 𝐾 = {𝑘𝑥, 𝑘𝑦, 𝑘𝑧} is the dimension of 288 

an APCC beam; 𝑉 = {𝑣𝑥, 𝑣𝑦 , 𝑣𝑧} is the polymer filament dimensions; and 𝐷 = {𝑑𝑥, 𝑑𝑦, 𝑑𝑧} is 289 

the spacing between adjacent polymer filaments. 290 

3. Experimental and Simulation Results 291 

The failure patterns of the five beams fabricated according to the initial design of APCC 292 

are shown in Fig. 10. Vertical flexural cracks were observed from the flexural span of each 293 
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beam. The cracks initiated from the bottom and then extend to the top of the beams with the 294 

increase of the load levels. Some horizontal cracks were observed from the middle depth of 295 

the beams. The positions of cracks were well correlated with the positions of the polymer 296 

lattices. The widths of the cracks were in the range of 20 µm to 50 µm when they were 297 

initiated and then increased with the increase of the applied load. After the beams failed, the 298 

fracture sections were inspected. It was found that  polymer lattices were embedded in 299 

concrete and ruptured at the fracture sections.  300 

   
Specimen-1 Specimen-2 Specimen-3 

   

Specimen-4 Specimen-5 Cross-section failure 

Fig. 10. Distribution of cracks and crack section of APCC beams based on the initial design. 301 

The load versus mid-span deflection curves of the five beams are plotted in Fig. 11. The 302 

load first linearly increased with deflection at the beginning. After the concrete was cracked, 303 

the load continued increasing, but the load increasing rate was reduced. The load-deflection 304 

curves show that the beams achieved strain-hardening properties which can be attributed to 305 

the use of ABS lattices because concrete is brittle. With the increase of deflection, more and 306 

more cracks were generated in concrete. The generation of more cracks are reflected by the 307 

fluctuations of loads in the load-deflection curves. Finally, the beams fractured, and the load 308 

decreased to zero. The finite element analysis results are compared with the test results, and 309 

their good agreement indicates that the finite element model provided reasonable predictions 310 

of the flexural behavior of the APCC beam. 311 
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 312 

Fig. 11. Experimental (EXP) and finite element analysis (FEM) results of the APCC beams.  313 

3.1. Parametric study results 314 

The effect of the design variables 𝑣𝑥, 𝑣𝑦, 𝑣𝑧, 𝑑𝑥, 𝑑𝑦, and 𝑑𝑧 on the flexural behavior of 315 

APCC beams is shown in Fig. 12. All APCC beams show strain-hardening behaviors.  316 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 12. Load-deflection curves of APCC beams with different (a) 𝑣𝑥, (b) 𝑣𝑦, (c) 𝑣𝑧, (d) 𝑑𝑥, 317 

(e) 𝑑𝑦, and (f) 𝑑𝑧. 318 
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The specific flexural strength (δ) and specific toughness (β) of the investigated APCC 319 

beams are summarized in Table 8. Increasing the dimensions of ABS filaments along X and 320 

Y directions (𝑣𝑥 and 𝑣𝑦) increases δ and β. Specimens 𝑣𝑥-9 and 𝑣𝑦-9 exhibit the highest δ and 321 

β. Increasing the dimensions of ABS filaments along Z direction (𝑣𝑧) increases δ. Specimen 322 

𝑣𝑧-9 exhibits the highest δ. When 𝑣𝑧 is less than 5 mm, β increases with 𝑣𝑧. However, when 323 

𝑣𝑧 is larger than 5 mm, β decreases with 𝑣𝑧. Specimen 𝑣𝑧-5 has the highest β. Overall, 324 

increasing the spacings between ABS filaments decreases δ and β. Specimens 𝑑𝑥-10, 𝑑𝑦-10, 325 

and 𝑑𝑧-10 exhibit the highest β. 326 

Table 8. Mechanical properties of the investigated APCC beams 327 
Design 

variables Designation Density 
(kg/m3) 

Strength 
(kN) 

Toughness 
(kN·mm) 

δ 
(×106 kN·mm3/kg) 

β 
(×106 kN·mm4/kg) 

𝑣𝑥 

𝑣𝑥-1 2310 4.21 4.41 1.79 1.88 
𝑣𝑥-3 2226 5.53 7.81 2.35 3.32 
𝑣𝑥-5 2142 6.64 16.4 3.03 7.66 
𝑣𝑥-7 2058 8.10 27.55 3.45 11.72 
𝑣𝑥-9 1973 9.25 34.50 3.93 14.70 

𝑣𝑦 

𝑣𝑦-1 2299 4.36 4.08 1.86 1.74 
𝑣𝑦-3 2220 5.59 7.25 2.39 3.10 
𝑣𝑦-5 2142 6.64 16.4 3.03 7.66 
𝑣𝑦-7 2063 8.02 26.66 3.43 11.40 
𝑣𝑦-9 1985 9.23 31.80 3.95 13.60 

𝑣𝑧 

𝑣𝑧-1 2312 4.49 4.46 1.91 1.90 
𝑣𝑧-3 2227 5.49 11.31 2.33 4.81 
𝑣𝑧-5 2142 6.64 16.4 3.03 7.66 
𝑣𝑧-7 2057 7.47 12.65 3.17 5.37 
𝑣𝑧-9 1972 8.48 11.67 3.60 4.96 

𝑑𝑥 

𝑑𝑥-10 2057 8.21 27.44 3.49 11.74 
𝑑𝑥-15 2142 6.64 16.4 3.03 7.66 
𝑑𝑥-20 2184 6.05 9.23 2.58 3.93 
𝑑𝑥-25 2226 5.17 6.58 2.40 3.05 
𝑑𝑥-30 2226 4.64 3.76 2.05 1.66 

𝑑𝑦 

𝑑𝑦-10 2076 9.2 28.87 3.95 12.43 
𝑑𝑦-15 2142 6.64 16.4 3.03 7.66 
𝑑𝑦-20 2207 6.46 9.18 2.76 4.10 
𝑑𝑦-25 2207 6.44 10.20 2.52 3.40 
𝑑𝑦-30 2207 5.52 6.54 2.44 3.30 
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𝑑𝑧 

𝑑𝑧-10 2046 10.82 38.58 4.60 16.41 
𝑑𝑧-15 2142 6.64 16.4 3.03 7.66 
𝑑𝑧-20 2195 6.31 12.16 2.68 5.16 
𝑑𝑧-25 2227 5.27 6.37 2.24 2.70 
𝑑𝑧-30 2248 4.97 11.06 2.11 4.70 

       
The results of δ and β are plotted in Fig. 13. Along X direction, increasing the dimension 328 

of filaments and decreasing the spacing between polymer filaments increase δ and β, as 329 

shown in Fig. 13(a) and Fig. 13(d). Along Y direction, increasing 𝑣𝑦 and decreasing 𝑑𝑦 330 

increase δ and β, as shown in Fig. 13(b) and Fig. 13(e). Along Z direction, increasing 𝑣𝑧 331 

increases δ; and β first increases and then decreases with 𝑣𝑧, as shown in Fig. 13(c). 332 

Decreasing the spacing between polymer filaments increases δ and β, as shown in Fig. 13(f). 333 

The parametric study results suggest that δ and β can be increased by increasing the polymer 334 

filament dimensions (𝑣) along X, Y and Z directions when 𝑣𝑧 is less than 5 mm, and 335 

decreasing the spacing between adjacent ABS filaments along X, Y and Z directions. 336 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 13. Specific strength (δ) and specific toughness (β) with varied (a) 𝑣𝑥, (b) 𝑣𝑦, (c) 𝑣𝑧, (d) 337 

𝑑𝑥, (e) 𝑑𝑦, (f) and 𝑑𝑧. 338 
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3.2. Damage mechanisms 339 

The damage process of the initial design of APCC beams is shown in Fig. 14. The cracks 340 

in concrete are indicated by a tension damage index (DAMAGET), which is in the range of 0 341 

(no crack) to 1 (fully cracked). Cracks initiate from the bottom of the sections with transverse 342 

polymer filaments and propagate toward the top of the beam. The cracking process and crack 343 

patterns are consistent with the experimental testing results (Section 3). With the increase of 344 

the applied load, more cracks are generated, and the crack severity is increased. Besides the 345 

vertical cracks, horizontal cracks are also generated. Finally, the beam fails with major cracks 346 

in concrete and rupture of polymer filaments at the cracked sections. 347 

 
(a) 

 
(b) 

 
(c) 

Fig. 14. Development of cracks in the initial design of APCC beam under different mid-span 348 

deflections: (a) 0.6 mm, (b) 1.9 mm, and (c) 5.0 mm. 349 

When concrete is cracked, the interaction between polymer and concrete helps arrest cracks 350 

and hinders the propagation of the cracks because of the high ductility of polymer and debonding 351 
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between polymer and concrete. The debonding between ABS filaments and concrete is indicated 352 

by the horizontal cracks in the beams. The debonding helps distribute the localized deformation 353 

caused by cracks over a longer length and thus reduce the peak strain [50]. The redistribution of 354 

the crack-induced deformation thus alleviates the stress concentration at crack tips and hinders 355 

the propagation of cracks toward the top surface of the beams, as shown in Fig. 15. The above 356 

damage process is different from that of plain concrete, which is brittle and fractures suddenly 357 

after a crack is generated at the bottom of the beam, because the crack propagates toward the top 358 

surface of the beam rapidly due to the stress concentration at the crack tip. Such a delay of the 359 

development of cracks benefits the APCC beams by increasing their flexural strengths. 360 

  
(a) 

  
(b) 

Fig. 15. Propagation and arrestment of cracks in (a) plain concrete, and (b) APCC beam. 361 

The presence of polymer filaments and the occurrence of interfacial debonding between 362 

polymer filaments and concrete enhance the energy dissipation capability of APCC beams. 363 

The effect of the design variables of APCC on the energy dissipation of APCC beams is 364 

shown in Fig. 16. The results show that increasing 𝑣𝑥 and 𝑣𝑦 increases the energy dissipation; 365 

decreasing 𝑑𝑥, 𝑑𝑦 and 𝑑𝑧 increases the energy dissipation; and increase 𝑣𝑧 first increases and 366 

then decreases the energy dissipation. 367 
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(a) (b) (c) 

   
(d) (e) (f) 

Fig. 16. Effect of the design variables of APCC on the energy dissipation: (a) 𝑣𝑥, (b) 𝑣𝑦, (c) 368 

𝑣𝑧, (d) 𝑑𝑥, (e) 𝑑𝑦, (f) and 𝑑𝑧. 369 

3.3. Variable importance 370 

The effect of the design variables on δ and β is shown in Fig. 17. The lower and upper 371 

limits of a box show the first quartile (Q1) and third quartile (Q3). The minimum and 372 

maximum values of δ and β for each variable are represented by the vertical lines of each 373 

box. The mean values of δ and β for each design variable are shown by symbol “×”. The 374 

interquartile range (IQR) is the center of a dataset and shown by the box height. The IQR is 375 

the difference between the lower quartile (Q1) and the upper quartile (Q3). The interquartile 376 

ranges of the box and whisker plot of δ and β are elaborated in Table 8. According to the 377 

table, 𝑣𝑥 and 𝑣𝑦 have comparable effects on δ and β since they have comparable lengths of 378 

the box and whisker plot. Along Z direction, the effect of adjacent filament spacing is greater 379 
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than the effect of filament dimensions on the flexural properties. Decreasing the spacing 380 

between adjacent filaments along Z direction increases δ and β. The results show that 𝑑𝑧 has 381 

the highest effect on δ and β, with lengths of 2.49 and 13.70, respectively, due to the higher 382 

interquartile range compared with the other design variables. 383 

  
(a) (b) 

Fig. 17. Box and whisker plot of (a) specific strength (δ), and (b) specific toughness (β), by 384 

𝑣𝑥, 𝑣𝑦, 𝑣𝑧, 𝑑𝑥, 𝑑𝑦, and 𝑑𝑧. 385 

Table 9. Interquartile range of the box and whisker plot 386 

Designation 
δ 

(×106 kN mm3/kg) 
 β 

(×106 kN mm4/kg) 
Q1 Q2 Q3 Range  Q1 Q2 Q3 Range 

𝑣𝑥 1.79 2.91 3.93 2.14  1.88 7.63 14.70 12.82 
𝑣𝑦 1.87 2.93 3.95 2.08  1.74 7.29 13.60 11.86 
𝑣𝑧 1.91 2.81 3.60 1.69  1.89 4.73 6.59 4.70 
𝑑𝑥 2.05 2.71 3.49 1.44  1.66 5.38 11.70 10.04 
𝑑𝑦 2.40 2.93 3.95 1.55  3.30 5.96 12.40 9.10 
𝑑𝑧 2.11 2.93 4.60 2.49  2.70 7.11 16.40 13.70 

          

4. Design Optimization 387 

4.1. Prediction results 388 

The sequential surrogate model was used to predict the specific flexural strength of APCC. 389 

To train the predictive model, initial datasets were generated using the finite element model for 390 

training and validation. More samples were sequentially added to the training dataset to improve 391 

the accuracy of the model. In this study, an initial dataset was established using the results from 392 
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10 finite element models. Another 60 finite element models were established to generate new 393 

samples to enlarge the training dataset. The prediction results are compared with the finite 394 

element analysis results, as shown in Fig. 18. The actual results were obtained from the finite 395 

element model, and the prediction results were obtained from the sequential surrogate model and 396 

automated machine learning [51], which automates the tuning of sequential surrogate models.  397 

  

(a) (b) 

Fig. 18. Comparison of the prediction and actual results of the specific flexural strength: (a) 398 

sequential surrogate model, and (b) automated machine learning model. 399 

The performance metrics of the training and validation datasets are shown in Table 10. The 400 

R2 value of training set using the sequential surrogate model decreases from 0.87 to 0.97, and the 401 

R2 value of validation set using the sequential surrogate model decreases from 0.80 to 0.91. Such 402 

an improvement reveals the high performance of the sequential surrogate model which enhances 403 

the performance of a prediction model based on the same dataset. The results show that the 404 

sequential surrogate model can reasonably predict the mechanical properties of the APCC. 405 

Table 10. Performance metrics of the machine learning models 406 

Dataset Performance metrics Specific flexural strength (×106 kN mm3/kg) 
Automated machine learning Sequential surrogate model 

Training R2 0.87 0.97 
RMSE 0.16 0.06 

Validation R2 0.80 0.91 
RMSE 0.20 0.12 
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4.2. Optimization results 407 

The results of the optimal design and initial design of APCC are listed in Table 11. The 408 

specific flexural strength and specific toughness of the optimal design are increased by 197% 409 

and 234%, respectively, compared with the initial design. 410 

Table 11. Comparison between initial and optimal design 411 

Designation 
Dimension (mm) δ 

(×106 kN mm3/kg) 
β  

(×106 kN mm4/kg) 

Improvement 
(%) 

𝑣𝑥 𝑣𝑦 𝑣𝑧 𝑑𝑥  𝑑𝑦 𝑑𝑧 δ β 
Initial 5 5 5 15 15 15 3.03 6.59 197% 234% Optimal 9 9 9 15 15 15 9.04 22.0 

           

The flexural properties of APCC beams made using the optimal design, the initial design, 412 

and plain concrete are compared in Fig. 19. The finite element analysis results agree with the 413 

experimental results. Compared with plain concrete, the optimal design of APCC increases 414 

the specific flexural strength, specific toughness, and energy dissipation by 230%, 2245%, 415 

and 2841%, respectively.  416 

   
(a) (b) (c) 

Fig. 19. Finite element analysis results of APCC beams made using the optimal design, initial 417 

design, and plain concrete: (a) load-deflection curve, (b) specific flexural strength and 418 

specific toughness, and (c) energy dissipation. 419 
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Fig. 20 shows the energy dissipation history of concrete and polymer lattices in the loading 420 

process. Before concrete is cracked, concrete matrix absorbs more energy than polymer lattices 421 

since the volume of concrete is larger than that of polymer lattices. After concrete is cracked, 422 

polymer lattices absorb more energy since ABS has a higher tensile strength than concrete.  423 

 

Fig. 20. Energy dissipation in concrete and polymer sections of initial and optimal design. 424 

5. Conclusions 425 

This study proposes a machine learning-based optimization framework to design APCC, 426 

aiming to achieve high specific flexural strength and high specific toughness. Based on the 427 

above investigations, the following conclusions are drawn: 428 

• The proposed optimization framework is effective in designing APCC with high specific 429 

flexural strength and high specific toughness as well as 3D printability. Compared 430 

with the beam made of plain concrete, the beam with the optimal design of APCC 431 

increased the specific flexural strength, specific toughness, and energy dissipation by 432 

230%, 2245%, and 2841%, respectively. The APCC beams achieved strain-hardening 433 

properties and exhibited multiple cracks which increased the deformability. 434 

• The underlying mechanisms of enhancing the flexural properties by polymer lattices were 435 

investigated. The flexural strength is increased through the bridging effect of polymer 436 

lattices that hinder the widening of cracks due to the high tensile strength of the polymer. 437 
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The toughness is increased by the increase of the flexural strength and ductility of APCC. 438 

The ductility is increased by multiple mechanisms. First, the presence of polymer lattices 439 

reduces the area of concrete periodically, promoting the generation of multiple cracks. 440 

Second, the polymer lattices hinder the fracture failure of APCC by bridging the cracks. 441 

Third, the presence of polymer lattices promotes the occurrence of horizontal cracks. An 442 

interesting and important finding is that the polymer lattices do not hinder the initiation of 443 

cracks. Instead, they promote the initiation of cracks, but they control the propagation of 444 

cracks. Catastrophic propagation of vertical cracks is hindered, and horizontal cracks are 445 

promoted. In summary, the use of polymer lattices imparts various mechanisms to hinder 446 

failure and dissipate energy. 447 

• The parametric study uncovered the effect of the design variables of polymer lattices 448 

on the specific flexural strength and specific toughness of APCC. The quantification of 449 

the effect of design variables promotes the design and optimization of APCC. This study 450 

used a metaheuristic optimization algorithm to efficiently search the optimal solution. 451 

This research is limited to the design, fabrication, and testing of small-scale beams with 452 

ABS lattices embedded in concrete mortar. Further research is necessary to understand the 453 

performance of the proposed methods in large-scale applications. It is envisioned that the 454 

methods can be up-scaled since the 3D printed polymer lattices can be assembled to generate 455 

large-scale polymer lattices for various structural components. It is also interesting to test the 456 

performance of other types of polymer and cement-based materials. 457 
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