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Abstract

Architectured polymer-concrete composite (APCC) is a promising structural material with
high mechanical performance. Optimizing the design of APCC for a high flexural strength, high
toughness, and light weight remains a challenge. This paper presents a machine learning-based
optimization framework to design APCC with high specific flexural strength and high toughness.
The proposed framework integrates sequential surrogate modelling, Latin hypercube sampling,
Lion Pride Optimization, and finite element analysis to predict and optimize the flexural
properties of APCC. The framework was implemented into designing APCC beams, which were
fabricated via 3D printing and tested under flexural loads. Results show that the designed APCC
achieved high specific flexural strength and high specific toughness. The architecture of APCC
arrests crack propagation and promotes energy dissipation. Parametric studies were performed to
evaluate the effect of the key design variables of APCC beams on the flexural properties. This
research advances the knowledge and development of APCC.
Keywords: Al-assisted design of materials; architectured polymer-concrete composite (APCC);
high strength and high toughness material; Latin hypercube sampling; Lion Pride Optimization;

sequential surrogate modeling
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1. Introduction

Concrete is the most widely used structural material worldwide. The annual consumption of
concrete is 30 billion tons [1]. Compared with other structural materials such as steel and wood,
concrete has important advantages ranging from constructability to mechanical properties and
durability. Fresh concrete is flowable and can cast desired geometries and volumes of structures,
which is challenging when steel or wood is used. For example, concrete can be used to fabricate
curved fagade [2] and large dams [3]. Concrete also owns high compressive strength, high fire
resistance, high availability, low cost, low thermal conductivity, and long durability. However,
concrete is brittle and weak in tension, making concrete easy to crack and fail in tension/flexure.

The current methods used to enhance the tensile and flexural properties of concrete can be
categorized into two types: (1) Continuous reinforcement such as bars, tendons, and meshes,
which can be made using materials with high tensile properties such as steel and fiber-reinforced
polymer (FRP). The most popular types of FRP utilized to reinforce concrete are carbon FRP
(CFRP) and glass FRP (GFRP) [4]. Compared with steel, FRP has lower density, higher tensile
strength, and higher corrosion resistance, but FRP is often brittle and ruptures suddenly, without
exhibiting a large elongation before failure. (2) Discrete reinforcement such as chopped fibers
and nanofibers/nanotubes. Popular chopped fibers used in concrete include steel fibers [5, 6] and
synthetic polymer fibers [7], which are mixed into concrete to make fiber-reinforced concrete.
The chopped fibers enhance the crack resistance through a bridging effect [8]. Representative
examples of high-performance fiber-reinforced cementitious composites (HPFRCC) include
ultra-high-performance concrete (UHPC) and engineered cementitious composites (ECC) [9-11].
Recently, nanomaterials have been incorporated into concrete to supplement chopped fibers and

provide multi-scale reinforcement for multi-scale cracks [12].
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The above two categories of reinforcing solutions have been widely applied since they are
aligned with the current structural design and construction methods. In the design of beams with
continuous reinforcement, longitudinal bars usually near the top and/or bottom surfaces subject
to the largest stresses. Such a philosophy simplifies design and facilitates the construction. When
discrete reinforcement is used, it can be directly added during concrete mixing, without having to
significantly modify the construction process. However, adding fibers to concrete often reduces
the flowability [13], so effective measures should be taken to improve the workability [14]. It is
essential to control the dispersion and orientation of reinforcing fibers. Uneven fiber dispersion
generates weak spots that reduce the crack resistance of concrete [15-17]. The fiber orientation
directly affects the tensile properties of concrete [18].

Recent advances in manufacturing and construction have created opportunities to develop
novel solutions of reinforcing concrete for high mechanical performance. The unique capability
of three-dimensional (3D) printing for manufacturing spatially-complex geometries has enlarged
the design space of continuous reinforcement. The spatial layout of continuous reinforcement has
gone beyond 1D straight bars and 2D plane meshes because 3D lattices have been printed to
fabricate architectured composites [19-23]. Salazar et al. [24] proposed 3D polymeric lattices
fabricated using polylactic acid (PLA) or acrylonitrile butadiene styrene (ABS) and used to
fabricate polymer-concrete composite (PCC) which achieved strain-hardening properties and
multiple cracks. Xu and Savija [25] fabricated ABS reinforcement meshes via 3D printing and
found that the use of fine meshes in concrete achieved strain-hardening properties, while the use
of coarse meshes led to a single crack in concrete beams. A few studies have been conducted to
explored the auxetic properties of composites with metal lattices filled with mortar or concrete

[26-29], and found that the impact resistance was increased by auxetic architectures [26, 29].
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Previous studies demonstrated that it is feasible to use 3D printed polymer reinforcement to
enhance the flexural performance of concrete. When the polymer parts are properly designed, the
PCC can achieve strain-hardening properties and multiple cracks [25]. The light weight and high
corrosion resistance of polymer make it promising to develop lightweight and durable structures.
Another lesson learned from prior studies is that the mechanical properties of PCC are related to
the geometry and dimensions of polymer lattices [25]. To date, the effects of the design variables
of polymer lattices on the mechanical properties of PCC and the mechanisms are still unclear.

To address the knowledge gap, this research aims to: (1) develop an optimization framework
to promote the design of PCC by integrating finite element analysis, Latin hypercube sampling
(LHS), sequential surrogate modeling, and Lion Pride Optimization (LPO); (2) implement the
framework into the design of architectured PCC (APCC) with high specific flexural strength and
high specific toughness; and (3) understand the fracture mechanism of APCC and investigate the
effects of design variables on the flexural strength and toughness of APCC.

The remainder of the paper is organized as follows: Section 2 presents the methods and the
optimization framework; Section 3 elaborates the experimental and simulation results and the
underlying fracture mechanism of APCC for enhancing the specific flexural strength and specific
toughness; Section 4 presents the optimal design of APCC; and Section 5 concludes the findings.
2. Methods

The methods adopted in this paper are elaborated in four subsections: Section 2.1 overviews
the optimization framework; Section 2.2 presents the design of APCC with high specific flexural
properties; Section 2.3 elaborates on the manufacturing and experimental testing of APCC
beams; and Section 2.4 elaborates on the finite element model and the investigated cases used to

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

An optimization framework is presented to designing APCC with high specific flexural
strength and high specific toughness. The flowchart of the framework is shown in Fig. 1. The
optimization framework includes three steps: (1) A dataset is generated to relate the mechanical
properties of APCC to the key design variables via finite element analysis [30] based on LHS
[31] (Section 2.2.2). (2) The dataset is utilized to develop a sequential surrogate model [32] for
predicting the flexural properties of APCC (Section 2.2.3). (3) The predictive model is integrated
with LPO [33] for determining the optimal design of APCC (Section 2.2.4). Based on this
framework, this research developed finite element models to investigate the effect of design
variables on the mechanical properties of APCC and the underlying mechanisms (Section 2.4).

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

Mesh design e e e e e e e e .
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Fig. 1. Flowchart of the proposed machine learning-aided optimization framework for designing

APCC with high specific flexural strength and high specific toughness.
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2.2. Design method
2.2.1. Initial design

The envisioned APCC is composed of architectured polymer lattices and concrete matrix, as
shown in Fig. 2. The APCC is fabricated in two steps. First, a lattice structure is fabricated using
a 3D printer and polymer filaments. Then, the polymer lattice is placed in a mold, and concrete is

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

g =

Polymer Concrete Polymer-concrete
Fig. 2. Main structure of the APCC composed of architectured polymer lattices and concrete.

In the initial design, the main consideration is the manufacturability: (1) It is feasible and
efficient to manufacture architectured polymer lattices through 3D printing [34]. It is desired to
use consistent filaments with minimal overhanging parts. (2) It is convenient to cast concrete to
fill the voids of architectured polymer lattices. The voids of the architectured polymer lattices
should be interconnected and large enough for fresh concrete to fill and consolidate.

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

(1) the spacings between adjacent filaments, designed by d,, d,, and d,, which are the spacing
between adjacent filaments along X, Y, and Z; and (2) the sizes of filaments, designed by vy, v,
and v,, which are the width of each filament along X, Y, and Z. In the initial design, the spacing
between adjacent filaments (dy, dy, and d,) is 15 mm along X, Y, and Z; and the width of each
filament (v, vy, and v,) is 5 mm along X, Y, and Z. The concerned properties are the specific

flexural strength (d) and specific toughness (f), as defined in Eq. (1) and Eq. (2):
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(1

()
where 6 and f are the specific flexural strength and specific toughness of APCC, respectively; S

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

displacement curve; and D is the density of APCC.

4.5 mm

Fig. 3. Initial design and definition of the design variables of APCC scalable for large structures.
To assess the performance of the initial design of APCC, five APCC beam specimens were
fabricated and tested under four-point bending until failure, as elaborated in Section 2.3. The
experimental results were then compared with the finite element analysis results obtained, as
elaborated in Section 3.
2.2.2. Establishment of dataset
To optimize the design of APCC, it is necessary to establish a dataset of various designs
of APCC and the corresponding flexural properties. In this research, finite element analysis
was conducted using a commercial software, namely ABAQUS [30], to establish the dataset.

The finite element model and model validation are elaborated in Sections 2.4 and Section 3,
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respectively. The design variables of APCC were used as the input variables. The flexural
properties of APCC were the output variables. The input variables were sampled using the
LHS method [31], which is a statistical method that selects samples randomly in the sampling
space. The LHS method was effective in reducing the number of sampling points [35]. The
recommended number of initial samples was 10 times the number of design variables [36]. In
this research, six design variables were considered, so the number of initial finite element
models was 60. With the sampled input variables of APCC, the flexural properties of APCC
were determined through finite element analysis. After the dataset was generated, it was split
into a training set and a validation set.
2.2.3. Sequential surrogate model

This study developed a sequential surrogate model to approximate the behavior of complex
systems [32]. As a machine learning technique, a sequential surrogate model is utilized when the
system is computationally expensive such as 3D nonlinear finite element analysis that considers
nonlinear material properties and damages, which make the finite element models difficult to
converge. Thus, this research used a sequential surrogate model to predict the flexural properties
of APCC. In the operation of the sequential surrogate model, new sampling points are iteratively
added to the training set based on a sequential sampling technique. This process is recognized as
an active learning/training process, which allows the sequential surrogate model to improve
when more data becomes available [37]. The concept of sequential surrogate models is shown in
Fig. 4. The methods of Expected Improvement (£7) [38, 39] and Mean Square Error (MSE) [40]
were utilized to establish the standards for selecting more samples that are used to enlarge the
training set and enhance the efficiency of sequential surrogate models. More details about infill

criteria for expanding the training set are elaborated in Section 2.2.3.2.
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Fig. 4. Concept of the sequential surrogate modeling technique employed to design APCC.

The flowchart for establishing the sequential surrogate model is shown in Fig. 5. There are
five main steps [41]: (1) Establish the training and validation datasets (Section 2.2.2). (2) Train
the surrogate model using the training dataset (Section 2.2.3). (3) Test the performance of the
trained predictive model using the validation dataset that is unseen in the training process. Two
performance metrics, the Coefficient of Determination (R?) and the Root Mean Square Error
(RMSE), are employed to quantify the accuracy of the surrogate model (Section 2.2.3.1). (4)
Improve the performance of the trained surrogate model by adding more samples to the training
dataset using two infill criteria, namely EI and MSE (Section 2.2.3.2). (5) Repeat Steps 3 to 5

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

Sequential surrogate modeling

'
i Update surrogate Prediction of infill :
: model output sample 1
1
! 2 1
(- L 1t .
Generate initial samples | Finite element !
of the input variables I analysis :
\ » J - |
. L Y 1
Finite element analysis : Use EI for infill Use MSE for infill 1
anaiysis | Eq. (6) Eq. (5) 1
- N ! No :
True value of the output | ¢ Predictive |,
L variables : model i
P :
! 1
R Predi
— redict output
Establish initial and Surrogate model edict outp !
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validating dataset 3 1
— = e . Tt

Fig. 5. Process of the sequential surrogate modelling for predicting and optimizing APCC.
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2.2.3.1. Performance metrics
Two performance metrics were utilized, which are the Coefficient of Determination (R”) and

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

n 2
R(X.V)=I- i=1 (xi-Yi) 3
S B mean)] ©
n 2
RMSE(X 1)— | 2=ty (4)

n
where X = {x{, x5, ..., x,} denote the predicted values; Y = {y;, V5, ..., ¥,} denote the actual
values; and n denotes the number of observed data points.
2.2.3.2. Stopping and infill criteria
The stopping criterion determines when the training process is terminated. Two specific
stopping criteria shown in Eq. (5) and Eq. (6) are utilized:
R} 2 Rinresn (5)
|RMSE; — RMSE;, ;| < ARMSE7p,esn(1 + |RMSE;|) (6)
where subscript i is the quantity of infill samples, and subscript Thresh is the threshold of the
stopping criteria. RZ, o, and ARMSErp,csn are 0.91 and 0.06x10% kN-mm?/kg, respectively.
To improve the accuracy of the surrogate predictive model, in the training process, more
samples were added to the training dataset before the stopping criteria were met. Two infill
criteria were applied: When R? is below 0.9, new samples are added using MSE, as defined in

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

in Eq. (8).
S2(y(x)) = a?(1 = t?p~'t) (7)
_ Ymin - y(x") Ymin — Y (x*) S\‘2[3’(75*)] Y(X*) = Ymin
El(x) = — [1+erf (\/fﬁz[y(x*)])] + Nz ex [ 2320 00)] (8)

10
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where ¢ is the dispersion in the mean of the predictive model; ¢ is the correlation matrix
between two given input variables; 7 is the correlation between a newly added sample and the
existing samples in the training dataset; y,,;, is the current optimal value; erf'is to the error
function; y(x*) is the predicted value of the new sample; $(x*) and S?[y(x*)] are the mean
and variance of the random Gaussian process, respectively.
2.2.4. Optimization method

The design of APCC was formulated as an optimization problem that aims to maximize the
specific flexural strength and the specific toughness. Table 1 lists six design variables and their
ranges, which were determined based on the highest values of the specific flexural strength and
the specific toughness in a parametric study while considering manufacturability (Section 3.1).

Table 1. Ranges of the design variables

Number Design variables Range (mm)
1 Uy 1-12
2 vy 1-12
3 v, 1-12
4 d, 10-40
5 dy 10-40
6 d, 10-40

In the optimization process, to ensure an appropriate consolidation of concrete, a design
constraint was imposed to enforce that the spacings between adjacent polymer filaments are
not less than 10 mm, which is considered sufficiently large to fill with the mortar. A penalty
function approach was adopted to transform the constrained optimization problem into an

unconstrained optimization problem. A penalized objective function Fpepgry, is defined as

the product of the original objective function F and a penalty function fpenaity -

FPenalty = F X fpenalty (9)

fpenalty = [1 +7y1 X ((‘)x + wy, + wz)]yz (10)
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where d; is the spacing between adjacent filaments; d is the upper boundary value

imax
constraint for the variable d;; y; and y, are two constants; and w; = {wx, Wy, wz} is the extent
of violation of design limits. In this study, y; was fixed at 1.0, and y, gradually increased from
1.3 to 3.0 in the optimization process, following the approach described in reference [42].

The optimization task was solved using the LPO algorithm [33], which is a nature-inspired
metaheuristic algorithm. The numbers of generations and population size of the LPO were set
to 300 and 100, respectively.

2.3. Experiments

Seven APCC beams, including five beams with the initial design of APCC and two
beams with the optimal design of APCC, were fabricated for flexural tests. The optimal
design was determined using the proposed method as described in Section 2.2. More details
about the design optimization are available in Section 4.

The beam specimens were fabricated in two steps. First, architectured ABS lattices were
printed through Fused Deposition Modeling (FDM) [43] using a commercial 3D printer
(model: Flashforge Guider II). Computer models of ABS lattices were created and saved as
stereolithography (STL) files, which were utilized to produce ABS lattices layer by layer, as
illustrated in Fig. 6. The ABS filament was heated to a semi-molten state and then pushed
through the nozzle to create 2D slices layer by layer. The parameters used in the 3D printing
process are listed in Table 2. The density and Poisson’s ratio of ABS are 792 kg/m® and 0.35,
respectively. This study adopted ABS as the polymer material to develop the methods. Other

polymers can be used to replace ABS in future investigations.
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Fig. 6. Fabrication of 3D polymer lattices for APCC based on the 3D printing through FDM.

Table 2. Parameters of 3D printing

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
mold measured 76 mm x 50 mm x 300 mm and was oiled before the placement of polymer
lattices. The concrete represents a typical construction mortar. The formulation is listed in
Table 3. The water-to-binder ratio was 0.45. The binder was composed of Type I Portland
cement and slag sourced from a local supplier in New Jersey, USA. The chemical
compositions and physical characteristics of the Portland cement, slag, and river sand are
listed in Table 4. To improve the flowability, a high-range water reducer was used. The
mini-slump spread was 300 mm, which is sufficient to achieve self-consolidation without

having to apply external vibration. The compressive strength was evaluated using cubic
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specimens (50 mm x 50 mm x 50 mm) according to ASTM 109 C [44]. Each test was
replicated three times. The compressive strength at 7 days was 35 MPa + 3 MPa. The density
and Poisson’s ratio were 2500 kg/m® and 0.2, respectively. The elastic modulus was
evaluated in accordance with ACI 318 [45].

Table 3. Mixture design of concrete

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

Components Type I Portland cement Slag River sand
Si0; (%) 22.44 36.21 80.30
ALOs (%) 2.76 11.10 10.50
FexOs (%) 2.24 0.76 3.43
CaO (%) 68.05 43.75 1.72
MgO (%) 0.91 5.09 1.70
SO; (%) 2.25 2.21 1.07
NaxO (%) 0.19 0.23 -
K20 (%) 0.11 0.40 -
TiO2 (%) 0.14 0.58 -
P>0s (%) 0.09 0.02 -
Mn,0s (%) 0.03 0.36 -
GsS (%) 62.35 - -
CaS (%) 20.28 - -
C:A (%) 1.42 - -
C.AF (%) 5.83 - -
Loss of ignition (%) 1.28 0.72 1.28
Specific gravity (g/cm?) 3.15 2.9 2.65

Immediately after concrete casting, the beams were covered by plastic sheets to avoid
moisture loss. The beams were kept in molds for 24 hours. After the molds were removed,
the beams were stored in a curing tank with a lime-saturated solution. After the beams were
cured for 7 days, they were air dried for 24 hours (room temperature: 20 + 2 °C; relative
humidity: 50% =+ 5%).

The beams were then tested until failure with a four-point bending test setup, as shown in
Fig. 7. The beams were supported by two rollers and loaded by two other rollers that were

attached to a universal load frame (model: Instron 5960). The span length was 260 mm, and
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the load spacing was 94 mm. The tests were conducted under a displacement control mode
with a displacement rate of 1 mm/min. The deflections of the beam was monitored using

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

85% of the peak load.
103 mm { 94 mm 103 mm
20'mm 260 mm 20'mm 76 mm

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

2.4. Finite element analysis

The mechanical behavior of APCC beams was analyzed via 3D finite element analysis,
as shown in Fig. 8 [30]. A mesh sensitivity analysis was conducted to determine a proper
mesh size, which was 5 mm. Concrete and polymer lattices were modeled using 3D eight-
node solid elements with reduced integration (C3D8R). The interaction between polymer and
concrete was defined with a keyword “embed”, without considering interfacial debonding.
The boundary conditions of beams were consistent with the tests. Vertical loads were applied
under displacement control. The energy dissipation of concrete and polymer was considered
by defining Energy Dissipated per unit Volume by Plastic Deformation (EPDDEN) in the

history output.

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

conditions.
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The constitutive relationships of concrete and ABS are shown in Fig. 9. The damages of
concrete were considered using a Concrete Damaged Plasticity (CDP) model, which has been
utilized to consider compressive and tensile damages of concrete, as shown in Fig. 9(a). The
parameters of the CDP model are listed in Table 5. More details of the CDP models are

available in references [46, 47].

Stress Stress
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Oco | P i
el ~pl
&t Etp fy ““““
el xin :
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Eo o9 ~in’ = el :
‘g_iv E" ghe Strain .
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I e & €c E : :
~ 5 :
Tension ' . -
______ Oro &y Eu Strain
(2) (b)

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

Table 5. Parameters of the adopted CDP model

Density Poisson’s Young’s Dilation - Viscosity
(kg/m®) ratio modulus (GPa) angle Eccentricity  fbo/feo K 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
using a multi-linear model, as shown in Fig. 9(b). The mechanical properties of ABS are
listed in Table 6. The density of ABS was 792 kg/m”>.

Table 6. Mechanical properties of ABS

Ductile damage

Young’s modulus Poisson’s Yield strength ~ Ultimate Plastic -
. . Fracture Stress Strain
(GPa) ratio (MPa) strength (MPa)  strain . S
strain  triaxiality  rate
2.4 0.35 25.77 33.32 0.0455 0.05 0.333 0.0002

2.4.1. Parametric study
Based on the finite element model, the effect of the variables of the polymer lattices on

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

Design Designation Uy vy v, d, d, d,
variables Initial 5 5 5 15 15 15
V-1 1 5 5 15 15 15

" V-3 3 5 5 15 15 15
x Vy-7 7 5 5 15 15 15
V-9 9 5 5 15 15 15

vy-1 5 1 5 15 15 15

, vy-3 5 3 5 15 15 15
Y vy-7 5 7 5 15 15 15
vy-9 5 9 5 15 15 15

v,-1 5 5 1 15 15 15

" v,-3 5 5 3 15 15 15
z v,-7 5 5 7 15 15 15
v,-9 5 5 9 15 15 15

d,-10 5 5 5 10 15 15

d d,-20 5 5 5 20 15 15
x d,-25 5 5 5 25 15 15
d,-30 5 5 5 30 15 15

dy-10 5 5 5 15 10 15

4 dy-20 5 5 5 15 20 15
Y dy-25 5 5 5 15 25 15
dy-30 5 5 5 15 30 15

d,-10 5 5 5 15 15 10

4 d,-20 5 5 5 15 15 20
z d,-25 5 5 5 15 15 25
d,-30 5 5 5 15 15 30

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

N = Round down (K; V) +1 (14)
where N = {nx, ny, N, } is the number of polymer filaments; K = {kx, ky, kz} is the dimension of
an APCC beam; V = {vx, vy,vz} is the polymer filament dimensions; and D = {dx, d,, dz} is
the spacing between adjacent polymer filaments.

3. Experimental and Simulation Results

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

are shown in Fig. 10. Vertical flexural cracks were observed from the flexural span of each
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beam. The cracks initiated from the bottom and then extend to the top of the beams with the
increase of the load levels. Some horizontal cracks were observed from the middle depth of
the beams. The positions of cracks were well correlated with the positions of the polymer
lattices. The widths of the cracks were in the range of 20 um to 50 um when they were
initiated and then increased with the increase of the applied load. After the beams failed, the
fracture sections were inspected. It was found that polymer lattices were embedded in

concrete and ruptured at the fracture sections.

Specimen-4 Specimen-5 Cross-section failure

Fig. 10. Distribution of cracks and crack section of APCC beams based on the initial design.
The load versus mid-span deflection curves of the five beams are plotted in Fig. 11. The
load first linearly increased with deflection at the beginning. After the concrete was cracked,
the load continued increasing, but the load increasing rate was reduced. The load-deflection
curves show that the beams achieved strain-hardening properties which can be attributed to
the use of ABS lattices because concrete is brittle. With the increase of deflection, more and
more cracks were generated in concrete. The generation of more cracks are reflected by the
fluctuations of loads in the load-deflection curves. Finally, the beams fractured, and the load
decreased to zero. The finite element analysis results are compared with the test results, and
their good agreement indicates that the finite element model provided reasonable predictions

of the flexural behavior of the APCC beam.
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314  3.1. Parametric study results
315 The effect of the design variables vy, v, v,, dy, d, and d, on the flexural behavior of
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The specific flexural strength (6) and specific toughness (f) of the investigated APCC
beams are summarized in Table 8. Increasing the dimensions of ABS filaments along X and
Y directions (v, and v,) increases J and . Specimens v,-9 and v,,-9 exhibit the highest 6 and
p. Increasing the dimensions of ABS filaments along Z direction (v,) increases 0. Specimen
v,-9 exhibits the highest . When v, is less than 5 mm, f increases with v,. However, when
v, is larger than 5 mm, S decreases with v,. Specimen v,-5 has the highest f. Overall,
increasing the spacings between ABS filaments decreases ¢ and . Specimens d,-10, d,,-10,
and d,-10 exhibit the highest f.

Table 8. Mechanical properties of the investigated APCC beams

Dgsign Designation Density Strength  Toughness ) b
variables (kg/m?) (kKN) (KN'-mm)  (x10° kN-mm3/kg) (x10° kN -mm*/kg)
vy-1 2310 421 4.41 1.79 1.88
V-3 2226 5.53 7.81 2.35 3.32
Uy V-5 2142 6.64 16.4 3.03 7.66
vy-7 2058 8.10 27.55 3.45 11.72
;-9 1973 9.25 34.50 3.93 14.70
V-1 2299 4.36 4.08 1.86 1.74
vy-3 2220 5.59 7.25 2.39 3.10
vy vy-5 2142 6.64 16.4 3.03 7.66
vy-7 2063 8.02 26.66 3.43 11.40
v,-9 1985 9.23 31.80 3.95 13.60
v,-1 2312 4.49 4.46 1.91 1.90
v,-3 2227 5.49 11.31 2.33 4.81
v, v,-5 2142 6.64 16.4 3.03 7.66
v,-7 2057 7.47 12.65 3.17 5.37
v,-9 1972 8.48 11.67 3.60 4.96
d-10 2057 8.21 27.44 3.49 11.74
dy-15 2142 6.64 16.4 3.03 7.66
dy d-20 2184 6.05 9.23 2.58 3.93
dy-25 2226 5.17 6.58 2.40 3.05
d,-30 2226 4.64 3.76 2.05 1.66
dy-10 2076 9.2 28.87 3.95 12.43
dy-15 2142 6.64 16.4 3.03 7.66
dy 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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d,-10 2046 10.82 38.58 4.60 16.41

d,-15 2142 6.64 16.4 3.03 7.66
d, d,-20 2195 6.31 12.16 2.68 5.16
d,-25 2227 5.27 6.37 2.24 2.70
d,-30 2248 4.97 11.06 2.11 4.70

The results of ¢ and S are plotted in Fig. 13. Along X direction, increasing the dimension
of filaments and decreasing the spacing between polymer filaments increase J and S, as
shown in Fig. 13(a) and Fig. 13(d). Along Y direction, increasing v, and decreasing d,,
increase 0 and f, as shown in Fig. 13(b) and Fig. 13(e). Along Z direction, increasing v,
increases o0; and f first increases and then decreases with v,, as shown in Fig. 13(c).
Decreasing the spacing between polymer filaments increases J and £, as shown in Fig. 13(f).
The parametric study results suggest that 0 and f can be increased by increasing the polymer
filament dimensions (v) along X, Y and Z directions when v, is less than 5 mm, and

decreasing the spacing between adjacent ABS filaments along X, Y and Z directions.
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Fig. 13. Specific strength (6) and specific toughness () with varied (a) vy, (b) vy, (¢) v, (d)
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3.2. Damage mechanisms

The damage process of the initial design of APCC beams is shown in Fig. 14. The cracks
in concrete are indicated by a tension damage index (DAMAGET), which is in the range of 0
(no crack) to 1 (fully cracked). Cracks initiate from the bottom of the sections with transverse
polymer filaments and propagate toward the top of the beam. The cracking process and crack
patterns are consistent with the experimental testing results (Section 3). With the increase of
the applied load, more cracks are generated, and the crack severity is increased. Besides the
vertical cracks, horizontal cracks are also generated. Finally, the beam fails with major cracks

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

DAMAGET

(Avg: 75%)
+2.206e-01
+2.022e-01
+1.839e-01
+1.655e-01
+1.471e-01
+1.287e-01
+1.103e-01
+9.193e-02
+7.354e-02
+5.516e-02
+3.677e-02
+1.839e-02
+0.000e+00

DAMAGET
(Avg: 75%)

+3.519¢-01
+2.816e-01
+2.112e-01
+1.408e-01
+7.039e-02
+0.000e+00

DAMAGET
(Avg: 75%)

+9.3%0e-01
+8.607e-01
+7.825e-01
- 47.042e-01
- +6.260e-01
+5.477e-01
+4.695¢-01
+3.912e-01
+3.130e-01
+2.348e-01
+1.565e-01
+7.825e-02
+0.000e+00

Fig. 14. Development of cracks in the initial design of APCC beam under different mid-span
deflections: (a) 0.6 mm, (b) 1.9 mm, and (c¢) 5.0 mm.
When concrete is cracked, the interaction between polymer and concrete helps arrest cracks

and hinders the propagation of the cracks because of the high ductility of polymer and debonding
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between polymer and concrete. The debonding between ABS filaments and concrete is indicated
by the horizontal cracks in the beams. The debonding helps distribute the localized deformation
caused by cracks over a longer length and thus reduce the peak strain [50]. The redistribution of
the crack-induced deformation thus alleviates the stress concentration at crack tips and hinders
the propagation of cracks toward the top surface of the beams, as shown in Fig. 15. The above
damage process is different from that of plain concrete, which is brittle and fractures suddenly
after a crack is generated at the bottom of the beam, because the crack propagates toward the top
surface of the beam rapidly due to the stress concentration at the crack tip. Such a delay of the

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

-"
-H

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

(b)

The presence of polymer filaments and the occurrence of interfacial debonding between
polymer filaments and concrete enhance the energy dissipation capability of APCC beams.
The effect of the design variables of APCC on the energy dissipation of APCC beams is
shown in Fig. 16. The results show that increasing v, and v,, increases the energy dissipation;
decreasing dy, d,, and d, increases the energy dissipation; and increase v, first increases and

then decreases the energy dissipation.
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Fig. 16. Effect of the design variables of APCC on the energy dissipation: (a) vy, (b) v, (c)
Vg, (d) dy, (¢) d,, (f) and d,.
3.3. Variable importance

The effect of the design variables on ¢ and f is shown in Fig. 17. The lower and upper
limits of a box show the first quartile (Q1) and third quartile (Q3). The minimum and
maximum values of  and S for each variable are represented by the vertical lines of each
box. The mean values of 6 and f for each design variable are shown by symbol “x”. The
interquartile range (IQR) is the center of a dataset and shown by the box height. The IQR is
the difference between the lower quartile (Q1) and the upper quartile (Q3). The interquartile
ranges of the box and whisker plot of 6 and f are elaborated in Table 8. According to the
table, v, and v, have comparable effects on J and f since they have comparable lengths of

the box and whisker plot. Along Z direction, the effect of adjacent filament spacing is greater
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than the effect of filament dimensions on the flexural properties. Decreasing the spacing
between adjacent filaments along Z direction increases ¢ and f. The results show that d, has
the highest effect on 6 and f, with lengths of 2.49 and 13.70, respectively, due to the higher

interquartile range compared with the other design variables.
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Fig. 17. Box and whisker plot of (a) specific strength (9), and (b) specific toughness (f), by
Uy, Uy, Uz, dy, dy, and d,.

Table 9. Interquartile range of the box and whisker plot

0 B
Designation (x10° kKN mm?*/kg) (x10° kN mm*/kg)

O O 03 Range (o) O O3 Range
Uy 1.79 2.91 3.93 2.14 1.88 7.63 14.70 12.82
Uy 1.87 2.93 3.95 2.08 1.74 7.29 13.60 11.86
v, 1.91 2.81 3.60 1.69 1.89 4.73 6.59 4.70
d, 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
d, 2.11 2.93 4.60 2.49 2.70 7.11 16.40 13.70

4. Design Optimization
4.1. Prediction results

The sequential surrogate model was used to predict the specific flexural strength of APCC.
To train the predictive model, initial datasets were generated using the finite element model for
training and validation. More samples were sequentially added to the training dataset to improve

the accuracy of the model. In this study, an initial dataset was established using the results from
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10 finite element models. Another 60 finite element models were established to generate new
samples to enlarge the training dataset. The prediction results are compared with the finite
element analysis results, as shown in Fig. 18. The actual results were obtained from the finite
element model, and the prediction results were obtained from the sequential surrogate model and

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

Actual value (x10° kN mm?kg)
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Fig. 18. Comparison of the prediction and actual results of the specific flexural strength: (a)
sequential surrogate model, and (b) automated machine learning model.

The performance metrics of the training and validation datasets are shown in Table 10. The
R? value of training set using the sequential surrogate model decreases from 0.87 to 0.97, and the
R? value of validation set using the sequential surrogate model decreases from 0.80 to 0.91. Such
an improvement reveals the high performance of the sequential surrogate model which enhances
the performance of a prediction model based on the same dataset. The results show that the
sequential surrogate model can reasonably predict the mechanical properties of the APCC.

Table 10. Performance metrics of the machine learning models
Specific flexural strength (x10° kN mm?®/kg)

Dataset  Performance metrics Automated machine learning Sequential surrogate model
Trainin R? 0.87 0.97
& RMSE 0.16 0.06
D R? 0.80 0.91
Validation RMSE 0.20 0.12
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4.2. Optimization results

The results of the optimal design and initial design of APCC are listed in Table 11. The
specific flexural strength and specific toughness of the optimal design are increased by 197%
and 234%, respectively, compared with the initial design.

Table 11. Comparison between initial and optimal design

Desienati Dimension (mm) 0 B Impr?(;c;ment
esignation ] . . \ 2
ve Uy v, dy dy d, (x10° kN mm°/kg)  (*10° kN mm*/kg) 5 F
Initial 5 5 5 15 15 15 3.03 6.59 ) -
Optimal 9 9 9 15 15 15 9.04 22.0 197%  234%

The flexural properties of APCC beams made using the optimal design, the initial design,
and plain concrete are compared in Fig. 19. The finite element analysis results agree with the
experimental results. Compared with plain concrete, the optimal design of APCC increases
the specific flexural strength, specific toughness, and energy dissipation by 230%, 2245%,

and 2841%, respectively.

60
20 — Optimal-EXP ?010 Plain =
- - -Optimal-FEM e
15 | —Initial SR I D g
Z Plain g p A 8 40
= =]
_c.é 10 @E 6 _g
i >
— 5 Z 4 %ﬂ 20
0 2 0
0O 1 2 3 4 5 0 9 18 27 Plain Initial Optimal
Mid-span deflection(mm) B (*10%kN mm*/kg) Investigated model
(a) (b) (c)

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

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

specific toughness, and (c) energy dissipation.
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420 Fig. 20 shows the energy dissipation history of concrete and polymer lattices in the loading
421  process. Before concrete is cracked, concrete matrix absorbs more energy than polymer lattices
422  since the volume of concrete is larger than that of polymer lattices. After concrete is cracked,

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

=
o

- - - Initial-concrete
- - —Initial-polymer
— Optimal-concrete
— Optimal-polyme

(V8]
<

Energy dissipation (J)
= 3

o

01 2 3 4 5 6 7
Mid-span deflection (mm)

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

426 This study proposes a machine learning-based optimization framework to design APCC,
427  aiming to achieve high specific flexural strength and high specific toughness. Based on the

428  above investigations, the following conclusions are drawn:

429 e The proposed optimization framework is effective in designing APCC with high specific
430 flexural strength and high specific toughness as well as 3D printability. Compared
431 with the beam made of plain concrete, the beam with the optimal design of APCC
432 increased the specific flexural strength, specific toughness, and energy dissipation by
433 230%, 2245%, and 2841%, respectively. The APCC beams achieved strain-hardening
434 properties and exhibited multiple cracks which increased the deformability.

435 ¢ The underlying mechanisms of enhancing the flexural properties by polymer lattices were
436 investigated. The flexural strength is increased through the bridging effect of polymer
437 lattices that hinder the widening of cracks due to the high tensile strength of the polymer.
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The toughness is increased by the increase of the flexural strength and ductility of APCC.
The ductility is increased by multiple mechanisms. First, the presence of polymer lattices
reduces the area of concrete periodically, promoting the generation of multiple cracks.
Second, the polymer lattices hinder the fracture failure of APCC by bridging the cracks.
Third, the presence of polymer lattices promotes the occurrence of horizontal cracks. An
interesting and important finding is that the polymer lattices do not hinder the initiation of
cracks. Instead, they promote the initiation of cracks, but they control the propagation of
cracks. Catastrophic propagation of vertical cracks is hindered, and horizontal cracks are
promoted. In summary, the use of polymer lattices imparts various mechanisms to hinder
failure and dissipate energy.

e The parametric study uncovered the effect of the design variables of polymer lattices
on the specific flexural strength and specific toughness of APCC. The quantification of
the effect of design variables promotes the design and optimization of APCC. This study
used a metaheuristic optimization algorithm to efficiently search the optimal solution.

This research is limited to the design, fabrication, and testing of small-scale beams with
ABS lattices embedded in concrete mortar. Further research is necessary to understand the
performance of the proposed methods in large-scale applications. It is envisioned that the
methods can be up-scaled since the 3D printed polymer lattices can be assembled to generate
large-scale polymer lattices for various structural components. It is also interesting to test the
performance of other types of polymer and cement-based materials.
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