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Abstract

Plain 3D printed concrete (3DPC) suffers from inherent brittleness and anisotropic behavior that limit
its structural applications. This study aims to investigate sprayed strain-hardening cementitious
composite (SHCC) as a thin overlay to reinforce 3DPC. In particular, this paper investigated the
effects of sprayed SHCC overlay thickness (10, 20, and 30 mm) on the flexural performance of
reinforced 3DPC. Four-point bending tests were conducted on specimens with two cutting
orientations, namely parallel (H) and perpendicular (V) to printing direction, and three loading
directions (X, Y, and Z). The digital image correlation (DIC) technique was used to monitor strain
distributions and interfacial behavior. The 3DPC reinforced with the 10 mm-thick overlay still
showed brittle behavior but with reduced anisotropy. For reinforced 3DPC with a 20 mm-thick
overlay, the flexural capacity increased by 35%-970% depending on loading direction, with the
ultimate deflection enhanced by over 400% in all directions. The 30 mm-thick overlay further
improved flexural strength by 155%-1200% and ultimate deflection by 350%-533% relative to plain
3DPC. DIC analysis revealed brittle fracture via a single crack in the composite with the 10mm-thick
overlay, while the specimens with thicker overlays exhibited multiple cracks, and no shear slip was
observed at the interface between the 3DPC substrate and S-SHCC overlay. An anisotropy-modified
plane-section model was developed to predict structural behavior, with elastic stage deviations
within 28% in the X-direction and 30% in the Y- and Z-directions. The peak load predictions showed
30% deviation in the X-direction and less than 15% spread in the Y- and Z-directions. These findings
provide guidelines for designing 3DPC structures reinforced with sprayed SHCC overlay.

Keywords: 3D printed concrete; sprayed SHCC; reinforcement; flexural behavior

1. Introduction

Three-dimensional printed concrete (3DPC) is a digitally manufactured concrete produced
through an extrusion process, wherein concrete is extruded layer by layer through a nozzle to form
structures [1]. This transformative technology eliminates formwork requirements, providing
geometric freedom and reducing the cost and time of construction compared to the conventional
casting approach [2]. However, without formwork support, 3DPC must rapidly gain strength to
support subsequent layer loads before hardening, which is critical for buildability [3]. Additionally,
the layer-by-layer construction process creates directional anisotropy and weak interlayer bonds,
resulting in reduced mechanical performance in unreinforced (plain) 3DPC [4]. The mechanical
properties of plain 3DPC structures present significant challenges for load-bearing applications.
Studies have demonstrated that printed elements exhibit compressive strengths 25% lower than
conventionally cast concrete when loaded perpendicular to the printed layers, with pronounced
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porosity observed between adjacent filaments due to the printing process [5]. The absence of
continuous reinforcement exacerbates these limitations, resulting in insufficient flexural and tensile
capacities and brittle failure [6].

Current reinforcement methods for 3DPC include the inclusion of short fibers in the fresh
mixture, placing reinforcement mesh during printing, inserting micro cables in the printed filaments,
or inserting reinforcing bars during printing, or post-tensioning with prestressed tendons [7,8].
Alonso et al. [9] reported that incorporating fibers into 3DPC enhanced flexural strength, with basalt
and PVA fibers achieving increases in flexural strength of up to 30% and 23%, respectively, relative
to plain 3DPC. Yiming et al. [10] showed that textile reinforcement increased the ultimate deflection
and flexural toughness of 3DPC by 118% and 117%, respectively, relative to plain 3DPC. Li et al. [7]
reported 260% flexural strength improvement in flexural performance by using co-extruded micro-
cables, transforming the 3DPC failure from brittle to ductile mode. While post-tensioning provides
continuous reinforcement without disrupting printing, it requires reserved ducts and manual
grouting. As a result, the full automation benefits of 3DPC are not fully exploited with post-tensioned
reinforcement, as the placement of additional reinforcement limits its potential [11,12]. Despite
various reinforcement methods for 3DPC, most approaches can compromise either the automation
benefits of 3DPC or the geometric flexibility of the printing process [13].

Strain-hardening cementitious composite (SHCC), with its strain-hardening characteristics,
exceptional ductility, and multiple micro-cracking behavior, represents a promising reinforcement
approach for 3DPC structures. The combination of spray/shotcrete technology with SHCC enables
efficient application of this high-performance material as an overlay system onto 3DPC elements. Van
etal. [14] employed sprayed SHCC (5-SHCC) to reinforce load-bearing masonry walls, significantly
enhancing their shear resistance capacity. Lin et al. [15] applied 30-mm-thick S-SHCC overlays to
masonry walls, achieving 12 times higher out-of-plane tensile strength under lateral loading tests. S-
SHCC also demonstrates superior crack control in reinforced concrete due to its strain-hardening and
multiple micro-cracking behaviors. He et al. [16] showed that SHCC overlays on concrete beams
restricted average crack widths to under 0.1 mm while generating 10 times more cracks than
conventional concrete. Han et al. [17] retrofitted reinforced concrete structures using S-SHCC,
demonstrating that the SHCC overlay enhanced seismic performance through stress redistribution
and superior energy absorption capacity.

The preceding review shows that several approaches have been proposed for reinforcing 3DPC,
while S-SHCC has been successfully employed for strengthening conventional concrete and masonry
structures, where S-SHCC overlays are reported to enhance load-bearing capacity, crack control, and
durability. Among the design parameters, overlay thickness plays a critical role in determining the
strengthening effectiveness. Shan et al. [16] found that a 10 mm SHCC overlay increased the load-
bearing capacity of the strengthened beam at a crack width of 0.3 mm from 32.5 to 53.3 kN. Zhang et
al. [18] strengthened reinforced concrete members with SHCC overlays of 10, 30, and 50 mm in
thickness, and found that increasing the overlay thickness enhanced the flexural load-bearing
capacity of the composite structure while reducing its ultimate deflection. Van et al. [14] found that
when reinforcing shear walls with S-SHCC, a 10 mm overlay promoted multiple cracking behavior,
while a 30 mm overlay resulted in surface spalling of the composite structure. Paul [19] demonstrated
that a 25 mm thick SHCC strengthening layer is the critical thickness requirement for preventing
chloride penetration. Therefore, the thickness of the S-SHCC overlay should be carefully selected to
meet the specific requirements of the application, ensuring a balanced structural performance.
However, to date, there has been no systematic study on using S-SHCC overlays for reinforcing
3DPC, which is the main goal of this study. This gap is particularly critical because 3DPC exhibits
pronounced process-induced anisotropy in stiffness, strength, and fracture response due to filament
orientation, layer interfaces, and interlayer bonding [20,21]. Consequently, the conclusions and
empirical insights derived from S-SHCC overlays in conventional concrete or masonry structures
may not be directly extrapolated to 3DPC.
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This study investigates the flexural behavior of 3DPC beam and wall elements reinforced with
sprayed S-SHCC overlays under out-of-plane bending. A hybrid fabrication concept is adopted,
where thin-shell 3DPC serves as the printed core, and S-SHCC provides the primary tensile
resistance. The 3DPC thickness was kept constant, with only the overlay thickness varied to isolate
its effect as a design parameter. Comprehensive experimental programs were conducted, including
four-point bending tests on specimens with two cutting orientations (parallel and perpendicular to
the printing direction) and three loading directions (X, Y, and Z) to account for the anisotropic nature
of 3DPC. The investigation focused on determining failure modes, cracking patterns, load-deflection
responses, ductility, and energy absorption while evaluating the influence of overlay thickness and
3DPC anisotropy on structural performance. Advanced 2D and 3D digital image correlation (DIC)
techniques were employed to monitor load-shear strain responses and interfacial slip behavior
between the S-SHCC overlay and 3DPC. Considering the anisotropies of 3DPC, a modified plane-
section assumption was further proposed to predict the cracking load, peak flexural load, and failure
modes of reinforced 3DPC. The findings of this research provide valuable insights into the design of
S-SHCC-reinforced 3DPC structures, offering a promising approach to enhance the ductility and
structural performance of 3DPC.

2. Experimental Program
2.1. Mixtures Design and Materials

The mixture proportions of the 3DPC substrate and the S-SHCC overlay are shown in Table .
The cementitious materials used in this study included ordinary portland cement (OPC, CEM I 52.5
N), Class F fly ash (FA), and silica fume (SF). The chemical compositions of the cementitious materials
are shown in Table . Graded silica sands with two ranges of particle sizes, denoted as finer and coarser

sands, were used. The particle size distributions of the raw materials are shown in
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Figure .

A polycarboxylate ether (PCE)-based superplasticizer (SP) and a consistency retention
admixture (CRA) were employed to reduce the water content and maintain consistency over time,
respectively. Nano-clay (NC) was used to improve the viscosity and thixotropy of the 3DPC
mixture. Polypropylene (PP) fiber was used in the 3DPC mixture to mitigate shrinkage-induced
early-age cracking, while polyvinyl alcohol (PVA) fiber was incorporated in the S-SHCC mixture.
The physical properties of PP and PVA fibers, as reported by the suppliers, are shown in Table .

Table 1. Mixture proportions of 3DPC substrate and S-SHCC overlay.

Cementitious

Mixture Sand NC W/B SP CRA Fiber
binder
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Finer
OrPC FA SF Coarser sand
sand
3DPC 0.7 02 0.1 0.75 0.75 0.65% 034 0.75% 03% 0.1%
S-SHCC 0.43 0.5 0.07 0.35 0 0 026 1% 0 2%

Note: All values are mass ratios of the cementitious binder mass, except the fiber content (volume fraction).

Table 2. Chemical compositions of cementitious materials (wt.%).

Materials | CaO | SiO:2 MgO | ALOs | FexOs | Na2O | KO | SOs LOI
OPC 63.32 | 20.58 2.01 5.03 3.38 0.55 - 2.06 3.72
SF 0.16 95.53 0.18 0.60 0.24 - 1.92 0.16 0.47
FA 6.22 53.36 1.69 22.54 8.80 - 3.00 0.45 1.96
100 :
—— Finer sand
——0PC
< 80+ i?ym d
8 —=— Silica fume
2
s 60+
£ w0
k)
=
§ 204
0 T T T T - T
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Particle size (pum)
Figure 1. Particle size distributions of raw materials.
Table 3. Physical properties of fibers.
Type Diameter | Length Tensile Elastic Density Elongation
(Hm) (mm) | strength (MPa) modulus (kg/m?3) (%)
(GPa)
PP 17 850 8 910 11.2
PVA 38 1508 42.8 1300 6.5

2.2. Mixtures Preparation Procedure

For the 3DPC mixture, the cementitious binder and sands were first dry mixed at low speed for
1 min. Then 80 wt.% of the required water was added and mixed at low speed for 2 min. The
remaining water, pre-mixed with the SP and CRA, was then added and mixed at low speed for 4 min,
followed by medium-speed mixing for 1 min. Subsequently, the PP fiber was added in one batch and
mixed at low speed for 3 min. Finally, the NC was added and mixed at low speed for 2 min. The S-
SHCC mixture followed the same batching and mixing sequence up to this point, except that PVA
fiber was used instead of PP fiber, and no NC was added. For the final mixing stage of the S-SHCC
mixture, the PVA fiber was gradually added while mixing at low speed for 6 min, followed by
medium-speed mixing at 1 min to ensure uniform fiber dispersion.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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2.3. Printing and Spraying Procedures

The fresh 3DPC mixture was printed using a custom-made gantry printer equipped with an
auger extruder with a 25 mm round nozzle, with a feed rate of 800 mm/min and an extrusion auger
speed of 20 rpm. The wall panels shown in Figure were printed, composed of two different
configurations for different specimen types. For prism specimens, three wall panels measuring 370
mm in height, 400 mm in length, and 130 mm in thickness were printed, as shown in Figure (a)-(b).
For cube specimens, a separate wall panel measuring 260 mm in length, 220 mm in height, and 60
mm in thickness was printed by extruding two continuous 30 mm thick layers side by side, as shown
in Figure (c)-(d). The layer’s height and width were 10 and 30 mm, respectively, for both
configurations. The triple-wall panel configuration shown in Figure (a)-(b) was designed to avoid
possible failure due to elastic buckling during the printing process and to allow for the efficient
production of multiple wall panels simultaneously. For the triple wall panel configuration, about 2.5
h after completion of the printing process, the connected wall panels were separated by cutting
through the connecting sections using a mini hacksaw blade while the material was still in its fresh
(unhardened) state to achieve three individual wall panels (see cutting lines in Fig. 2(b)). All printed
geometries were covered with a plastic sheet to avoid excessive moisture loss and kept in the
laboratory environment (20 + 5°C) for 24 h. Subsequently, all wall panels were placed in a water tank
at a temperature of 20 + 2°C to cure for 28 days.

X

= R
Y=400 mm X=130-mm

260 mm

Y

(c) (d)

Figure 2. 3DPC substrate wall panels: (a) front view for prism samples; (b) top view for prism samples; (c) front

view for cube samples; (d) top view for cube samples.
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After 28 days of water curing, the wall panels were removed from the water tank and prepared
for spraying. Substrates with overly dry surfaces can over-absorb moisture from the overlay,
resulting in weaker bonding properties in the interfacial zone. Studies have shown that interfacial
bonding properties can be enhanced when the substrate surface moisture is in a saturated surface dry
condition [22,23]. Therefore, before spraying the S-SHCC mixture, the 3DPC substrates were
conditioned inside the laboratory environment until a saturated surface dry condition was achieved.
Spraying was performed using a spray gun with a 15 mm diameter nozzle at an air pressure of 620
KPa (90 psi), maintaining a standoff distance of 0.5 m from the substrate surface. After spraying, the
reinforced wall panels were cured in the water tank for 21 days before being cut into appropriate
sizes for testing. Considering the anisotropy of 3DPC, two cutting orientations (H: parallel to printing
direction; V: perpendicular to printing direction), and three testing directions (X, Y, and Z) were
adopted, as shown in Figure . Following the cutting process, the cut specimens were returned to the
water tank for an additional 7 days, reaching a total curing age of 28 days before testing.

3DPC
substrate

S-SHCC

Figure 3. Schematic illustration of cutting orientations and testing directions for 3DPC substrate reinforced with
S-SHCC overlay.

2.4. Testing Procedures
2.4.1. Compressive Strength Test

The compressive strengths of cast SHCC, S-SHCC, plain 3DPC, and reinforced 3DPC sprayed
with S-SHCC specimens were measured. Table presents details of the specimens prepared to
evaluate mechanical properties. Cubic specimens with different dimensions were prepared to test the
compressive strength at a loading rate of 0.6 MPa/s. Figure illustrates the schematic configuration
of plain 3DPC cubes and reinforced 3DPC cubes with S-SHCC overlay. The plain 3DPC (control)
specimen was a 40 mm cube. However, the overall dimensions of the reinforced 3DPC specimens
varied depending on the S-SHCC overlay thickness. The cast SHCC and S-SHCC specimens were 50
mm cubes.

Table 4. Details of specimens prepared for mechanical testing.

) Specimen size No. of o
Specimen type Test method ] No. of test directions
(LxWxH mm?) specimens
Compression | 50x50x50 4 1
S-SHCC
Bending 350x60x13 4 1
Compression | 50x50x50 4 1
Cast SHCC
Bending 350x60x13 4 1
Compression | 40x40x40 4 3(X, Y, Z)
Plain 3DPC
Bending 350x40%30 4 4 (H-X, H-Z, V-X, V-Y)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Compression | Varied depending | 4 3XY, 2)
on S-SHCC
Reinforced 3DPC overlay thickness
Bending . 4 4 (H-X, H-Z, V-X, V-Y)
(see Figure and
5)

Z
Y
Printing direction

X

S-SHCC

/ overlay .

3DPC
~——— 4 substrate 50 60 mm 70 m
|40 mm mm
¥ 10 mm //20 mm /'3() mnl
AO mm — AO mm 40 mm ——¥ 40mm
40 mm 50 mm 60 mm 70 mm
Plain 3DPC-T0 Reinforced 3DPC-T10 Reinforced 3DPC-T20 Reinforced 3DPC-T30

doi:10.20944/preprints202603.2063.v1

Figure 4. Schematic illustration of plain and reinforced 3DPC cubes with different thicknesses of S-SHCC

overlay.

2.4.2. Flexural Performance Test

The flexural performance of the S-SHCC, plain 3DPC, and reinforced 3DPC specimens were
evaluated using a four-point bending test setup at a displacement rate of 0.5 mm/min. The flexural
toughness was determined following ASTM C1609 [24]. Details of the specimens prepared are given
in Table . The length of all specimens was 350 mm with a middle span of 100 mm. For the cast SHCC
and S-SHCC specimens, the cross-sectional dimensions were 60 mm in width and 13 mm in depth.
However, the cross-sectional dimensions of the plain 3DPC specimens were 40 mm in width and 20
mm in depth. The overall depth and width of reinforced 3DPC specimens varied depending on the
thickness of the S-SHCC overlay and the loading direction, as shown in Figure . For clarity, specimens
with overlay thicknesses of 10, 20, and 30 mm are hereafter denoted as T10, T20, and T30, respectively.

EI ul 40 mm S-SHCC
£ v ¥ C=l) E 10-30 mm Ill Ill  overlay
:1 3DPC substrate AT = 20 mm S ¥ ¥ ¥ I g
Q < [ 1 _o
S-SHCC overlay & — =
?' | L -
(100 mm 1100 mm " 1700 mm | | substrate| #5511 100 700 |
350 mm | 350 mm I
(a) (b)
3DPC substrate
i\ 1l ll S-SHCC
= E 10-30 mm |lj |  overlay
& 20 mm ) = 2 I £
S I% ‘ P—=
S-SHCC overlay =N 3DPC > ‘
F»k—» - substrate|  ftgg 00 mm 00
00 mm 1100 mm 100 mm | mm 350";"1; mm !
350 mm 'l
() (d)

Figure 5. Schematic illustration of four-point flexural testing of reinforced 3DPC specimens: (a) H-X direction;
(b) H-Z direction; (c) V-X direction; (d) V-Y direction.

Strain fields and crack development during the flexural tests were monitored using both two-
dimensional (2D) and three-dimensional (3D) DIC techniques. In 2D measurements, a single high-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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resolution camera was aligned perpendicular to the specimen surface to capture longitudinal and
shear strain profiles along the section height. For selected critical specimens, 3D analysis was
employed using a calibrated stereo camera system to record out-of-plane displacement and provide
complete 3D deformation fields. The DIC setup was calibrated prior to each test using a 14 x 9 dot
standard calibration panel, with calibration deviation maintained below 0.05 pixels for each
specimen. Both optical systems were operated in synchronization with the mechanical testing
apparatus, ensuring that strain data could be directly related to the load-deflection response over the
entire loading history. The captured images were processed using commercial software VIC-3D and
VIC-2D to compute displacement and strain fields.

3. Experimental Results and Discussion
3.1. Properties of S-SHCC Overlay and Cast SHCC

Table summarizes the properties of cast SHCC and S-SHCC overlay mixtures. The S-SHCC
mixture achieved a compressive strength of 79.5 MPa and a modulus of rupture of 10.8 MPa,
comparable to the 10.2 MPa for the cast SHCC mixture. However, as shown in Figure , cast SHCC
mixture demonstrated significantly superior deformation capacity with a deflection at peak flexural
load of 27.2 mm versus 9.9 mm for the S-SHCC mixture. This reduction in deflection capacity of the
S-SHCC mixture was mainly due to changes in fiber orientation and insufficient compaction during
the spraying process. Similar results were reported by Zhang et al. [25] and Kim et al. [26]. Both 5-
SHCC and cast SHCC exhibited deflection-hardening behavior with multiple cracking. Despite the
reduced deflection capacity, the mechanical properties of S-SHCC confirm their suitability as a
reinforcement overlay for 3DPC structures.

Table 5. Properties of S-SHCC overlay and cast SHCC mixtures.

Specimens S-SHCC Cast SHCC
Compressive strength (MPa) 795+1.1 85.5+1.1
Modulus of rupture (MPa) 10.8 1.0 10.2+04
Deflection at peak flexural load (mm) 99+1.2 27.2+1.0
Flexural modulus (GPa) 254 +22 30.8+0.9
14
12 4
=
& 10+
=S
2 8+
=
R
S
3 44
8
21 — S-SHCC average
Cast SHCC average
0 T T T T T T

0 5 10 15 20 25 30
Mid-span deflection (mm)

Figure 6. Flexural stress vs. mid-span deflection curves of S-SHCC and cast SHCC mixtures.

3.2. Compressive Strength Results

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure presents the compressive strength of plain and reinforced 3DPC specimens having
different thicknesses of S-SHCC overlay and tested in different loading directions. As expected, the
plain 3DPC specimens exhibited anisotropic behavior depending on the testing direction. The highest
compressive strength was obtained in the Y-direction (i.e., parallel to the printing direction, see Fig.
4), followed by the Z- and X-directions. This pattern is consistent with the existing literature [21,27].

The compressive strength of the reinforced 3DPC specimens exhibited different anisotropic
behavior depending on the overlay thickness and testing direction. In the X-direction, where the load
is perpendicular to the plane of the substrate, the reinforced 3DPC specimens exhibited the lowest
and most stable compressive strength (approximately 60 MPa). In the X-direction, the compressive
strength of the reinforced 3DPC specimens was only 4%-12% higher than the plain 3DPC specimen,
depending on the thickness of the overlay. These results indicate that the compressive strength in the
X-direction was mainly governed by the intrinsic lower compressive strength of the plain 3DPC (55.8
MPa) rather than the higher compressive strength of the S-SHCC overlay (79.5 MPa, see Table 5).

Conversely, in the Y-direction (parallel to the printing direction) and the Z-direction (printed
layer stacking direction), the compressive strength of the reinforced 3DPC specimens was 0-18% and
49%-57%, respectively, higher compared to the plain 3DPC specimen, depending on the thickness of
the overlay. This trend can be explained by the different baseline strengths of plain 3DPC in each
direction. In the Y direction, plain 3DPC already exhibits high compressive strength that approaches
that of the S-SHCC overlay, so the overlay provides limited additional strengthening. However, the
lower compressive strength of the plain 3DPC specimens in the Z direction enables the S-SHCC
overlay to substantially contribute to the overall load-bearing capacity. The hybrid cube results for
overlay thicknesses of 10, 20, and 30 mm are presented as comparative indicators under nominally
concentric compression, rather than as a direct basis for structural design, where eccentricity and
potential interface delamination may govern failure. Within this test configuration, the maximum
enhancement in compressive performance was observed at an overlay thickness of 20 mm (

120
| —=— X-direction
1104 —— Y-direction
% | —#*— Z-direction
; 100 - \
o =.
5 901 a
QZ) 804 \
% ] ,:I Optimum
a 701 { thickness
E /
S 60- */*/4\*
50 T T T T T . :
0 10 20 30

Overlay thickness (mm)

Figure ). This phenomenon may be attributed to the fact that, as the overlay thickness increases,
defects inherent to the sprayed material become increasingly pronounced and emerge as the
dominant controlling factor, thereby offsetting the benefit conferred by the greater volume fraction
of the higher strength overlay.
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Figure 7. Compressive strength of plain and reinforced 3DPC specimens reinforced with different thicknesses

of S-SHCC overlay and tested in different directions.
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Figure 8. Effect of overlay thickness on compressive strength of reinforced 3DPC specimens.

The damage patterns of the specimens are illustrated in Figure . Under axial loading, distinct
failure modes were observed in the X-, Y-, and Z-directions, which are influenced by the single-sided
placement of the S-SHCC overlay. In the X-direction, where the S-SHCC overlay was located at the
bottom of the specimen, the failure primarily occurred within the 3DPC section rather than the S-
SHCC overlay. Cracks initiated in the 3DPC and propagated downward along the specimen height
toward the interface, eventually propagating through the S-SHCC overlay, as shown in Figure (a).
This behavior is attributed to the confinement provided by the bottom S-SHCC overlay, which
restrains transverse crack opening in the 3DPC at the tension face during early loading.

In the Y- and Z-directions, where the S-SHCC overlay was located on the right side of the
specimens, the overlay provided a lateral confinement zone to 3DPC, thereby restricting the lateral
expansion of 3DPC to the right side. The free expansion of 3DPC toward the left side resulted in
eccentric compression within the cross-section. This led to two distinct cracking patterns: interfacial
delamination between the 3DPC substrate and the S-SHCC overlay in the Y-direction, and cracks
mainly within the 3DPC substrate in the Z-direction, as shown in Figure (b) and Figure (c).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2063.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 March 2026 d0i:10.20944/preprints202603.2063.v1

11 of 32

lllllllll

NENNNRNV I VYN RNNE TN

(@) (b) (©

Figure 9. Damage patterns of reinforced 3DPC specimens in different testing directions: (a) X-direction; (b) Y-

direction; (c) Z-direction.

3.3. Load-Deflection Responses Under Bending
3.3.1. General Response

Figure shows the distinct flexural load vs. mid-span deflection responses of specimens made
with plain 3DPC, cast SHCC, S-SHCC, and reinforced 3DPC with S-SHCC overlay. The plain 3DPC
showed brittle failure with linear load-deflection behavior until peak load at point A, followed by
sudden failure through single crack formation [28], as shown in Figure (a). In Figure (b)-(d), point A
represents the first cracking and fiber bridging activation, point B corresponds to the modulus of
rupture (MOR), while point C corresponds to the point at which the load decreases to 80% of the
MOR [29]. The shaded area under the curve represents the absorbed energy from first cracking to
ultimate deflection (i.e., corresponding deflection at point C), governed by matrix microcracking, slip
in the interface transition zone, and fiber bridging, followed by pull-out or rupture.
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Figure 10. Typical load-deflection responses under four-point bending: (a) plain 3DPC; (b) cast SHCC; (c) S-
SHCC; (d) reinforced 3DPC with S-SHCC overlay specimens.

Both cast SHCC and S-SHCC exhibited three-stage flexural responses encompassing linear
elastic, deflection-hardening, and deflection-softening stages, as shown in Figure (b) and (c).
Compared to the cast SHCC, the S-SHCC exhibited pronounced peak-valley serrations, whereas the
cast SHCC curve rose more smoothly in the deflection-hardening stage, as shown in Figure (c). This
difference reflected that S-SHCC specimens had larger crack spacing and more irregular local load
transfer, indicating less uniform stress redistribution during progressive cracking. The irregular
serrations suggested that crack formation and fiber bridging occurred in a discontinuous manner.
This is due to the uneven fiber distribution caused by airflow-induced fiber orientation during
spraying, leading to reduced fiber bridging capacity in S-SHCC compared to cast SHCC [30,31].

The load-deflection curve of reinforced 3DPC with S-SHCC overlay combined characteristics of
both plain 3DPC and S-SHCC (see Figure (d)), presenting a transition from brittle to pseudo-ductile
behavior. Following the first crack at point A, a deflection-hardening segment between points A and
B developed due to the contribution of the S-SHCC overlay. The energy absorption and deflection-
hardening capacities in this stage fell between those of plain 3DPC and S-SHCC overlay, reflecting
their synergistic interaction until the ultimate load was reached.

3.3.2. Effect of Overlay Thickness and Testing Direction on Flexural capacity and Stiffness

Figure presents the representative flexural load vs. mid-span deflection curves of plain and
reinforced 3DPC with different overlay thicknesses tested in different directions. The results
highlight two governing factors: overlay thickness and printing-induced anisotropy. As shown in
Figure (a), plain 3DPC specimens exhibited brittle failure with sudden load drops after reaching peak
flexural loads. The peak flexural loads and corresponding deflections ranged from 0.3-1.7 kN and
0.3-0.6 mm, respectively, depending on the testing directions. The order of flexural performance was
as follows: H-Z > H-X > V-Y > V-X. This reflects the well-established anisotropic characteristics of
3DPC.

While the flexural performance of reinforced 3DPC specimens was superior to the plain 3DPC
specimens, their performance depended on the thickness of the S-SHCC overlay. Unlike the brittle
failure of plain 3DPC, all reinforced 3DPC specimens with a 10 mm thick overlay (T10) exhibited
deflection-softening behavior in all testing directions, as shown in Figure (b). This behavior resulted
from the multiple cracking mechanisms of the S-SHCC overlay, where fiber bridging restrains crack
growth and redistributes stresses [31]. In these specimens, the Pmor and corresponding deflection
(dmor) ranged from 1.2-1.7 kN and 0.4-1.1 mm, respectively, depending on the testing directions. This
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confirms the higher absorption capacity of reinforced 3DPC-T10 specimens compared to the plain
3DPC specimens.

As shown in Figure (c) and (d), the reinforced 3DPC specimens with a 20 mm thick overlay
(T20) and 30 mm thick overlay (T30) exhibited superior flexural performance to the T10 specimens.
The specimens tested in the H-X, V-X, and V-Y directions showed deflection-hardening behavior,
while the specimen tested in the H-Z direction showed deflection-softening behavior. This is because
the contribution of the SHCC overlay varies significantly with loading configuration. In the H-X and
V-X directions, the SHCC overlay is positioned at the bottom tensile zone, providing maximum
contribution to resist tensile stress and enabling pronounced deflection-hardening. In the V-Y
direction, although the overlay is on the side with parallel load-sharing, the load acts parallel to the
printing layers, where 3DPC exhibits better tensile resistance, allowing sufficient stress transfer to the
SHCC overlay for hardening behavior. While in the H-Z direction, the 3DPC substrate and SHCC
overlay work in parallel under loading, with the stress acting perpendicular to both the printing
direction and the weak interlayer interfaces of 3DPC. In this orientation, the tensile zone within the
3DPC material was relatively thin and traversed the weak interlayer regions. As a result, a single
dominant crack rapidly initiated and propagated through the 3DPC substrate, thus suppressing the
development of multiple cracking and effective fiber bridging in the S-SHCC overlay. The reinforced
3DPC-T20 specimens, achieved values of Pmor and corresponding deflection (dmor) ranging from 1.5
2.7 kN and 0.6-3.3 mm, respectively, depending on the testing directions, and exhibited higher
absorption capacity than the plain 3DPC specimens. The reinforced 3DPC-T30 specimens achieved
the best flexural performance, with the Pmor and corresponding deflection (dmor) ranging from 1.7-
4.0 kN and 0.8-2.7 mm, respectively, depending on the testing directions. Therefore, it can be
concluded that as the thickness of the S-SHCC overlay increased from 10 to 30 mm, the overlay
gradually became the dominant load-bearing component, with the flexural performance of

specimens exhibiting a non-linear growth relationship with overlay thickness.
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Figure 11. Typical flexural load-deflection curves of plain and reinforced 3DPC specimens prepared with
different S-SSHCC overlay thicknesses: (a) plain 3DPC-TO; (b) reinforced 3DPC-T10; (c) reinforced 3DPC-T20; (d)
reinforced 3DPC-T30.

Figure presents the representative flexural performance of reinforced 3DPC under four
different loading directions (H-X, H-Z, V-X, V-Y). As expected, increasing the overlay thickness
enhanced the flexural capacity of reinforced 3DPC regardless of S-SHCC overlay location. Among all
loading configurations, the specimens in the H-X loading direction exhibited optimal overall
performance, with all reinforced specimens demonstrating deflection-hardening behavior under
flexural load. As shown in Figure (a), the T30-H-X composite achieved the highest peak flexural load
of 4 kN, translating to 319% increase in the peak flexural load compared to the plain 3DPC. This
superior performance is because the H-X loading direction applies flexural load within continuous
printing layers rather than at interlayer interfaces. Although loading is perpendicular to the printing
path, cutting along the printing direction (H) maintains layer continuity in the length direction,
enabling effective flexural load resistance. Conversely, as shown in Figure (b), all specimens tested in
the H-Z direction exhibited deflection-softening behavior. In this orientation, the specimen height
remains constant, with only the width varying. Since width is less influential than height in governing
flexural capacity, the S-SHCC overlay cannot provide sufficient enhancement to induce deflection-
hardening. For the same reason, the peak flexural load of the T30-H-Z specimen (about 3.2 kN) was
lower than that of the T30-H-X specimen (4 kN), with a rapid load decline after peak.
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Figure 12. Typical flexural load-deflection curves of plain and reinforced 3DPC specimens under different testing
directions: (a) H-X; (b) H-Z; (c) V-X; (d) V-Y.

In the V-X direction, cutting is perpendicular to the wall (printing) direction, with the X-direction
loading causing bending stress perpendicular to the 3DPC interlayer interfaces. Under this
configuration, the T30-V-X specimen achieved a peak flexural load of approximately 3.8 kN,
approaching the optimal performance of H-X, as shown in Figure (c). This performance similarity is
attributed to the identical specimen dimensions and loading configurations in both cases. The V-Y
direction exhibited the most complex stress state. Since the V cutting is perpendicular to the printing
direction, bending stresses during Y-axis loading must pass through multiple interlayer interfaces
between the 3DPC and the interface between the 3DPC substrate and the overlay. Consequently, the
T30-V-Y specimen achieved the lowest peak load among T30 specimens with a peak flexural load of
2.4 kN, which is still demonstrating a 167% improvement over plain 3DPC (about 0.9 kN), as shown
in Figure (d).

Notably, flexural loads in both the H-Z and V-Y directions act directly on the interface between
the 3DPC substrate and S-SHCC overlay. The H-Z specimens exhibited a high flexural strength but
low ductility response, whereas the V-Y specimens showed the opposite trend of low flexural
strength but high ductility. In the H-Z direction, the 3DPC layer in the compression zone effectively
carries compressive stresses, while the S-SHCC overlay provides continuous compression and
tension zones at the top and bottom of the specimen. This configuration enables effective load transfer
in the initial stage, thereby enhancing peak flexural load capacity. However, the tensile strength of
the S-SHCC overlay is insufficient to resist flexural loading in the Z direction, where the tensile
strength of 3DPC exceeds that of the S-SHCC overlay. As a result, most of the load is carried by the
3DPC material, and once the load-bearing capacity of 3DPC is reached, the capacity dropped sharply,
and brittle failure occurred.

In the case of the V-Y direction, loads must be transmitted across multiple interlayer interfaces,
causing progressive cracking at different interfaces rather than simultaneous failure. After local
failure at different interfaces, load transfer to other regions, forming multiple peak points in the load-
deflection curve. Although the S-SHCC overlay can provide additional load-carrying capacity,
interlayer delamination between the S-SHCC overlay and 3DPC was the primary cause of insufficient
ductility of reinforced 3DPC.
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Figure illustrates the relationship between S-SHCC overlay thickness and initial flexural
stiffness for different loading directions. The initial flexural stiffness was determined as the slope of
the linear portion of the load-deflection curve up to 30% of the first cracking load Pror. The plain
3DPC specimens (with no overlay) exhibited significant anisotropic behavior with initial flexural
stiffness values ranging from 1.0 kN/mm in the V-X direction to 3.4 kN/mm in the H-Z direction.
Notably, H-X and V-X directions showed similar behavior, both starting with lower initial flexural
stiffness and increasing steadily with the increase of overlay thickness. Similarly, the H-Z and V-Y
directions followed comparable patterns, initially showing higher stiffness but experiencing a
reduction with the 10 mm thick overlay before recovering. The reduction at the 10 mm-thick overlay
suggests insufficient contribution of the thin overlay to the overall moment of inertia of the specimen.
As overlay thickness increased to 20-30 mm, all testing directions showed substantial improvement
and convergence to an initial flexural stiffness of 3-4 kN/mm, effectively homogenizing the
anisotropic behavior. The similarity between the H-X and V-X directions, as well as between the H-
Z and V-Y directions, reflects the influence of loading orientation relative to the printing layers, with
thicker overlays successfully mitigating directional weaknesses inherent to 3DPC.
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Figure 13. Effect of overlay thickness and testing direction on the initial flexural stiffness of specimens.

3.3.3. Effect of Overlay Thickness and Testing Direction on Ductility and Energy Absorption

According to ASTM C1018 [32], the pre-cracking behavior of composites can be characterized
by the initial cracking point, where the load value Pror and corresponding deflection dror represent
the cracking load capacity and deformation capability at initial damage, respectively. The load Pmor
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and corresponding deflection dmor in the deflection-hardening stage reflect the ability of reinforced

3DPC to continue bearing loads through fiber bridging after first cracking. The ultimate deflection is
defined as the deflection corresponding to a 20% reduction from the Pwor [29], which serves as a
quantitative measure of the maximum deformation capacity of the composite in the post-cracking

Ductility and energy absorption are evaluated through two parameters: the toughness indices
(Is and o) and the residual strength factor (Rs10). The toughness indices represent the stiffness after

stage.
first-crack up to particular end point deflections, calculated as the ratios of the area under the load-
deflection curve up to 36ror and 5.56L0r to that up to Oror, respectively [33]. The residual strength
factors quantify the average post-cracking load within a specified deflection range, expressed as a
percentage of the first-cracking load, obtained by calculating the values of 20 (lwo- I5), as shown in
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characteristics in materials [33]. Following prior work [34,35], this study adopted dmor/6Lopand 6u/OLop

as ductility indices, representing the ratios of peak deflection to first cracking deflection and ultimate
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Figure 14. Definition of toughness indices and residual strength factors (adapted from [33]).
Table presents the characteristic parameters for plain and reinforced specimens at cracking,

strain-hardening, and ultimate stages. Overall, the results indicate a clear transition from brittle to
ductile behavior of the reinforced 3DPC specimens with increasing overlay thickness. Plain 3DPC
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specimens exhibited abrupt post-cracking failure characterized by immediate load drop without
exhibiting strain-hardening capacity. Results show limited ductility for reinforced 3DPC specimens
with 10 mm S-SHCC overlays, whereas 20 and 30 mm S-SHCC overlays transformed the brittle failure
into ductile composite systems with 100%-350% peak flexural load improvement and 250%—-650%
ultimate deflection enhancement across all directions. This trend aligns with previous findings on S-
SHCC overlays used in structural retrofitting, where increasing overlay thickness was shown to
improve flexural capacity and ductility through enhanced fiber bridging and crack control
mechanisms [36].

Table 6. Load and deflection values of plain and reinforced 3DPC at different stages.

) Deflection-hardening )
Cracking stage Ultimate stage
Samples stage

Pop(kN) 80p(mm) Pyor(kN) Spor(mm) P,(kN) | &,(mm)

H-X 1.0+0.1 0.6+0.05 — — — —

Plain H-Z 1.7+0.1 0.4+0.01 — — — —

3DPC-T0 V-X 0.3+£0.01 0.3+0.01 — — — —

V-Y 0.9+0.2 0.3+0.1 — — — —
H-X 1.2+0.1 0.5+0.1 1.4+0.2 1.1+0.1 1.0+0.2 | 1.1z0.1

Reinforced | H-Z 1.9+£0.2 0.5+0.1 — — — —

3DPC-T10 V-X 1.4+0.1 0.7+0.2 — — — —

V-Y 1.3+0.2 0.4+0.05 — — — —
H-X 2.0+0.2 0.5+0.1 2.7+0.2 3.2+0.5 22+0.2 | 3.4+05

Reinforced | H-Z 2.3+0.2 0.6+0.1 — — — —
3DPC-T20 V-X 2.0+0.2 0.6+0.1 2.9+0.2 3.3+0.6 2.3+0.2 | 3.4+0.6
V-Y 1.5+0.1 0.4+0.1 1.8+0.3 1.7+0.4 1.4+0.3 | 1.9+0.4
H-X 2.6+0.1 0.6+0.1 4.0+0.3 2.7+0.3 3.2+0.3 | 2.8#0.3

Reinforced H-Z 3.2+0.4 0.8+0.1 — — — —
3DPC-T30 V-X 2.8+0.3 0.8+0.2 3.9+0.1 1.7+0.1 3.1£0.1 | 1.9+0.1
V-Y 1.7+0.1 0.5+0.02 2.3+0.1 1.9+0.2 1.9+0.1 | 2.020.2

Table further provides a quantitative assessment of ductility and energy absorption. Notably,
toughness indices and residual strength factors for T10 specimens could not be calculated because
specimens failed before reaching the ASTM C1018 specified deflections. This indicates that the 10 mm
overlay was insufficient to provide sustained post-cracking deformation capacity. Therefore,
specimens exhibiting deflection-hardening behavior are primarily those with 20 and 30 mm overlay
thicknesses in the H-X, V-X, and V-Y directions, achieving Is and i values exceeding benchmark
criteria (5.0 and 10.0, respectively), indicating significant crack bridging and energy absorption
capacity [37]. Furthermore, T20 specimens under the H-X and V-Xloading directions, along with T30
specimens under the V-Y loading direction, demonstrated residual strength factors Rs10 exceeding
130, with T30-V-Y achieving the highest value of 152.4, well above ideal plastic behavior (R=100). This
indicates pronounced deflection-hardening and high post-cracking load retention capability. The
ductility indices omor/dror and 6u/d1or reveal optimal performance in the T20-H-X specimen, where
both peak and ultimate deflections exceed 6 times the first cracking deflection. This demonstrates that
the 20 mm overlay thickness achieved an optimal balance between crack resistance and deformation
capacity.

Table 7. Ductility index of composite structures with deflection-hardening properties.
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o Residual strength L
Toughness indices Ductility indices
Samples factors
Is To Rs,10 OMOR/OLOP Ou/OLoP
Reinforced
H-X — — — 1.9+0.5 2.0+0.5
3DPC-T10
H-X 5.6+0.1 12.4+0.3 134.5+4.4 6.5+0.1 7.0+0.3
Reinforced
V-X 5.5+0.2 12.0+0.6 129.7+7.0 5.7+0.1 5.8+0.1
3DPC-T20
V-Y 4.5+0.8 — — 2.9+0.8 3.2+0.7
H-X 5.9+0.1 — — 3.9+0.4 3.9+0.5
Reinforced
V-X — — — 2.5+0.5 2.4+0.3
3DPC-T30
V-Y 5.9+0.5 12.7+1.2 146.4+6.0 3.3+0.6 3.4+0.6

3.4. DIC Strain Fields and Crack-Opening Evolution Under Bending

To verify that no interfacial sliding occurs between the 3DPC and S-SHCC overlay during four-
point bending, DIC analysis was performed on the interface region between the two materials. Figure
presents the longitudinal strain distributions along the specimen height (Figure (a)) along with the
full field strain distribution within the constant bending moment zone (Figure (b)) for three composite
beams with different overlay thicknesses (T30-H-X, T20-H-X, and T10-H-X specimens) at their
respective peak flexural loads in the X-direction. The horizontal axis in Figure (a) represents the
vertical position along the cross-section located at midspan. The results show that the longitudinal
strain varies linearly with specimen height, with a coefficient of determination R? greater than 0.97 in
all cases, hence confirming the validity of the plane-section assumption. Under bending loads, the
bottom region dominated by S-SHCC overlay experiences tension while the upper region dominated
by 3DPC experiences compression, resulting in maximum longitudinal strain (ex«) at the bottom (y=0).
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Figure 15. Strain response at the S-SHCC/3DPC interface in the X-direction: (a) longitudinal strain along the
height of the cross-section; (b) full-field strain contour within the mid-span region of specimens at Prop (the white

dashed lines identify the position of the interface).

Figure presents the interfacial shear strain (exy) distribution for T30-H-X specimens at peak
flexural load and 75% of peak flexural load, where the dashed line indicates the 3DPC-S-SHCC
interface. DIC measurements indicate that S-SHCC-3DPC interfacial shear strain remains relatively
small and uniformly distributed at both 75% peak flexural load and peak flexural load stages, with
maximum values of 0.49% and 0.12%, respectively. Although local strain concentration occurs near
the main crack at peak flexural load, it does not extend extensively along the interface. As shown in
Figure , relative horizontal displacement (Ax=xsprc-Xoverlay) between paired points across the 3DPC-
SHCC interface was monitored at three critical locations along the T30-H-X specimen: left loading
point, mid-span, and right loading point. This measurement aimed to detect potential interfacial
shear slip during loading. The measured Ax remained small throughout the loading history,
generally within 0.01 mm, with a gradual increase followed by a quasi-steady response, indicating
negligible interfacial slip at the interface. The mid-span location exhibited the largest displacement
magnitude, whereas the two loading-point traces were smaller. This distribution corresponds with
four-point bending mechanics, where the mid-span region exhibits maximum curvature and
differential axial strain. These observations conclusively confirm effective interfacial bonding
between the 3DPC substrate and S-SHCC overlay.

o o oo o
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Figure 16. Evolution of interfacial shear strain (exy) of T30-H-X specimen: (a) 75% peak load; (b) peak load (the
black dashed lines indicate the position of the interface).
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(b)

Figure 17. Evolution of relative horizontal displacement across the 3SDPC/S-SHCC interface at different locations

for T30-H-X specimen: (a) relative horizontal displacement evolution; (b) extraction point locations.

Figure shows the maximum principal strain fields (e1) and crack propagation for T20
specimens under X-, Y-, and Z-loading directions. The images were captured at four loading stages
corresponding to 25%, 50%, 75%, and 100% of the ultimate maximum principal strain, with the
corresponding mid-span displacement () indicated for each stage. The maximum principal strain
was selected as the descriptor because it enables identification of potential crack locations and
visualization of progressive crack development, consistent with previous studies on DIC-based crack
characterization in cementitious materials [38]. Results demonstrate that failure cracks primarily
concentrate within the S-SHCC overlay. Under X-direction loading (T20-H-X, Figure (b)), at the 25%
ultimate strain stage (0 = 0.55 mm), initial microcracks are observed with a local maximum principal
strain (&1) of 0.9% captured in the crack zone. New localized cracks appear at mid-span upon reaching
100% maximum principal strain (&1 of 3.6%). As shown in Figure (c), in Y-direction loading, both
the 3DPC and S-SHCC overlay were subjected to tension and compression, with the loading direction
parallel to the printing path. Specimens exhibited higher maximum principal strain than the X-
direction loading, developing multiple cracks at mid-span at 75% maximum principal strain (£1=5.3%)
with notably wider crack widths than the X-direction specimens. Similarly to Y-direction loading, Z-
direction loads act on the S-SHCC-3DPC interface but perpendicular to the printing direction. Initial
cracking occurs only at 25% maximum principal strain (¢1=2.5%), presenting as a single crack
continuously penetrating the 3DPC (Figure (d)). As loading continues, additional development
occurs near the mid-span when the strain reaches 100% maximum principal strain (¢1=10%). The Z-
direction exhibited the highest ultimate strain (10.0%), potentially attributed to perpendicular-to-
layer loading causing gradual interlayer debonding that provides additional deformation capacity.
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© (d)

Figure 18. Maximum principal strain (&;) distribution and crack evolution of T20 specimens in different testing
directions (d: mid-span deflection, mm): (a) region of interest (ROI) for DIC analysis; (b) H-X; (c) V-Y; (d) H-Z.

4. Flexural Capacity Prediction Model

Based on the DIC analysis in Section 4.3, confirming strain compatibility and no interlaminar
slip at the 3DPC-S-SHCC interface, a modified plane-section approach is proposed. Unlike
conventional section analysis, this model accounts for the anisotropic behavior of 3DPC arising from
the layer-to-layer printing process and accommodates the variable positioning of sprayed SHCC
overlay within the composite cross-section under four-point bending.

4.1. Flexural Capacity Prediction in the X-Direction
4.1.1. Elastic Stage

The experimental results above demonstrate that increasing the thickness of the S-SSHCC overlay
can lead to notable improvements in both the flexural strength and deformation capacity of
reinforced 3DPC under four-point bending. However, the incremental benefits from increased
overlay thickness showed a gradually diminishing trend. This trend is closely governed by the
migration of the neutral axis through the composite specimen. Under X-direction loading, as the S-
SHCC overlay becomes thicker, the neutral axis shifts downward toward the tensile region, which
enlarges the internal lever arm and consequently enhances the overall flexural resistance.
Consequently, as the overlay thickness continues to increase, the compression zone height gradually
increases, as shown in Figure . This reduction in compression zone height weakens the marginal effect
of lever arm growth, resulting in a decelerated improvement in the flexural capacity of specimens.

Considering the anisotropy of plain 3DPC, which results in significant variations in its
mechanical properties under different loading directions [39-41], together with the strain-hardening
behavior of the S-SHCC overlay and the shear transfer across the interface. This section proposes a
predictive model that simultaneously considers material anisotropy, neutral-axis migration, and
interfacial effects to quantify the flexural capacity of a composite under four-point bending. Figure
shows the stress distribution at the S-SHCC overlay-3DPC interface and neutral axis variation after
S-SHCC overlay application.
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Figure 19. Cross-sectional stress distribution at peak stage after reinforcing 3DPC with S-SHCC overlay.

In flexural testing, the position of the neutral axis is determined by sectional force equilibrium,
where compressive and tensile resultant forces are equal [34]. Based on the Euler--Bernoulli beam
theory, strain distributes linearly across the section height, enabling neutral axis calculation through
force balance between the concrete compression and tensile area [42]. The analysis further assumes:
(1) linear elastic material behavior for both 3DPC and SHCC before cracking; (2) the transformed
section method is applicable for analyzing the composite cross-section; and (3) full strain
compatibility at the 3DPC/S-SHCC interface, as validated by the experimental results in Section
4.3. For 3DPC in the elastic stage, the cross-section remains uncracked, which allows the cracking
load capacity to be calculated using Eq. (1)-(3).

x= Eshcc ) Ashcc ) yshcc + E3dpc (9) ) A3dpc ’ y3dpc (1)
Eshcc ’ Ashcc + ESdpc (0) ’ A3dpc
:shcc EI
Mcr = M (2)
Eshcc (h - x)

2M
B, =—* ®)

L

where Eshec and Esdpe is the elastic modulus of SHCC and 3DPC (GPa), respectively, yshec and ysdpe are
the centroid of SHCC and 3DPC (mm), respectively, & is the total height of the specimen (mm), EI is
the equivalent flexural rigidity (N-mm?), L is the distance from the support to the loading point (mm),
Me is the cracking moment (N-mm), P« is the cracking load capacity in elastic stage (kN), and f3"¢
is the equivalent tensile strength of SHCC (MPa).

4.1.2. Peak-Load Stage

When the reinforced 3DPC specimen reaches peak load, failure occurs when either the 3DPC
material attains its maximum compressive stress or the S-SHCC reaches its maximum tensile stress,
depending on which material reaches its capacity first. The model assumes elastic-perfectly plastic
behavior with rectangular stress blocks, which is consistent with established approaches for
analyzing composite beam sections [43]. The tensile contribution of 3DPC is neglected due to its
relatively low tensile strength and early cracking tendency. Based on strain compatibility conditions,
the tensile force in the S-SHCC overlay (Tshe) is in equilibrium with the compressive forces. The force
equilibrium for two cases depending on the neutral axis position is expressed in Eq. (4), with the
corresponding neutral axis depth given in Eq. (5). The peak moment capacity is calculated using Eq.
(6), and the peak load capacity under four-point bending is determined by Eq. (7).

_ {CSdpc :f;,3dpcx (O< X< t3dpc)
shee —

C3dpc + Cshcc :ﬂ,3dpct3dpc +ﬁ,shcc(x - t3dpc) (t3dpc <x= h)

(4)
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where Tshe is tensile force in the S-SHCC overlay (N), Csapcand Cshee are the compressive forces in the
3DPC and S-SHCC overlay, respectively (N), tsdpc and fshee are the thicknesses of the 3DPC and S-
SHCC layers, respectively (mm), & is the total height of the composite specimen (mm), ctis the
equivalent tensile strength of S-SHCC (MPa), fe3dpc and feshee are the compressive strengths of 3DPC
and S-SHCC, respectively (MPa), y3dpc and yshce are the centroid of the 3DPC compression zone and S-
SHCC tension zone, respectively (mm), yshect and ysheee are the centroids of the S-SHCC tension and
compression zones when the neutral axis lies within the S-SHCC layer, respectively (mm), Mpeak is
the peak moment capacity (N-mm), L is the distance from the support to the loading point (mm) and
Ppeax is the peak load capacity of the composite (kN).

The equivalent tensile properties of S-SHCC overlay under four-point bending are determined
using a reverse calculation method based on sectional mechanics [44-46]. Table compares the
predicted flexural capacity of 3DPC with S-SHCC overlay to the experimental results. The results
show that in the elastic stage, the predicted cracking loads are reasonably close to the measured
values, with deviations controlled within the range of 28%. At the peak load stage, for both equivalent
tensile stress and peak load, the differences between predicted and measured values generally
fluctuate within 30% as the thickness varies. As the overlay thickness increases, the gap between
predicted and measured values gradually decreases, and for T30 specimens, the prediction nearly
coincides with the experiment. This indicates that a thicker overlay produces a tensile stress closer to
the uniform state assumed in the model, thereby validating the model assumption. In contrast,
thinner overlays are more sensitive to interfacial effects and local heterogeneity, causing larger
prediction errors.

For different thicknesses, the predicted cracking and peak loads remain consistent across H and
V cutting directions because predictions depend only on geometric parameters, elastic modulus, and
material strengths, which are independent of cutting direction. This independence explains the
similar X-direction flexural performance observed between the H and V specimens under the same
overlay thickness.

Table 8. Comparison between experimental and predicted flexural capacity in X-direction.

. Elastic stage (kN) Peak-load stage (kN) Spread (%)
Specimen - -

Exp. (Prop) | Predict. (Puor) | Exp. (Pmor) | Predict. (Pmor) Pror | Pmor
Reinforced | H-X 1.2+0.1 1.4+0.2 16.7 23.1
3DPC-T10 | V-X | 1.40.1 1o 1.4+0.1 1o 285 | 285
Reinforced | H-X 2.0+0.2 17 2.7+0.2 ’3 15.0 14.8
3DPC-T20 | V-X 2.0£0.2 2.9+0.2 15.0 20.7
Reinforced | H-X 2.6+0.1 Y 4.0+0.3 40 0 0
3DPC-T30 | V-X 2.840.3 3.940.1 7.1 2.6
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4.2. Flexural Capacity Prediction in the Y- and Z-Directions
4.2.1. Elastic Stage

When composite specimens are subjected to bending loads in the Y- or Z-directions, the side-by-
side arrangement of 3DPC and S-SHCC overlay differs significantly from conventional layered
composite beams. In this configuration, the 3DPC substrate and S-SHCC overlay are arranged in
parallel, and the loading direction is perpendicular to the interface. The same assumptions as stated
in Section 4.1.1 are adopted for the Y- and Z-direction loading: (1) linear elastic material behavior for
both 3DPC and SHCC before cracking; and (2) the transformed section method is applicable for
analyzing the composite cross-section. The DIC testing confirms that no significant shear slip occurs
between the S-SHCC overlay and 3DPC, with both maintaining approximately identical deflections
and rotations at the interface (Figure ).

During the elastic stage, both constituents contribute to the flexural resistance under the
assumptions of perfect bond and plane sections remaining plane, resulting in strain compatibility
and stiffness-dependent stress distribution across the composite section. Due to the higher tensile
strain capacity of S-SHCC, the overlay restrains the brittle deformation of 3DPC, thereby enhancing
the overall deformability of the composite system. To identify initial cracking, the cracking strain of
each material is calculated using Eq. (8). Comparison shows that 3DPC reaches its cracking strain
first, thus governing composite cracking. Since 3DPC controls the initial cracking, the cracking
stress of the 3DPC substrate is calculated from the plain 3DPC specimen using linear elastic section,
as shown in Eq. (9). The composite cracking load is obtained by converting the plain 3DPC cracking
condition to the composite section using linear-elastic sectional analysis, accounting for stiffness
redistribution between the 3DPC core and the S-SHCC overlay in Eq. (10).

8)
gcr — min Jrcr,shcc , ﬂrﬁdpc
shce ESdpc
)
f _ Mcr,3dpc'x3dpc
cr,3dpe
I3dpc
E 3dpct3dpc + E shcctshcc Eghcctshcc
P =P . | 1+ (10)
cr cr(0) E ¢ E t
3dpc®3dpc(0) 3dpc®3dpc

where fi, 34, is the cracking moment of 3DPC (N'-mm), X345, and I3, are neutral axis depth (mm)
and moment of inertia (mm?*) of 3DPC, respectively, Eshcc and Esdpc is the elastic modulus of S-SHCC
and 3DPC (GPa), respectively, P is the cracking load of ...plain 3DPC (kN), which can be
obtained from four-point bending tests, t3g,cand tgpccare the thicknesses of 3DPC and S-SHCC
overlay in composite (mm), respectively, and t3apc(9) is the thickness of plain 3DPC (mm).

4.2.2. Peak-Load Stage
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Figure shows the prediction process for flexural capacity of the composite in the Y- and Z-

directions. Due to the side-by-side arrangement of 3DPC and S-SHCC in these loading directions, the
failure mode depends on whether the S-SHCC overlay can effectively redistribute stresses after initial
cracking occurs. When stress redistribution occurs, the specimen exhibits ductile behavior, and the
peak flexural load is calculated through force equilibrium and moment analysis. Otherwise, brittle
failure occurs, and the cracking load equals the peak flexural load. Initial cracking location is
determined by comparing the cracking strains of both materials using Eq. (8). Given the significant
difference in elastic modules between 3DPC and S-SHCC, cracking strain rather than strength is used
as the criterion for determining initial cracking. After initial cracking occurs in 3DPC, part of the
tensile force originally carried by 3DPC is transferred to the S-SHCC layer through interfacial
bonding. The post-cracking behavior depends on whether the S-SHCC overlay has sufficient residual
capacity to carry this additional load. The flexural-equivalent tensile strength (feq) is defined as the
maximum tensile stress at the extreme fiber under bending, representing the flexural tensile capacity
of each material. When 3DPC cracks, the stress level in the composite has reached the flexural-
equivalent tensile strength of 3DPC (feqsprc). If the flexural-equivalent tensile strength of S-SHCC
overlay (feqsHcc) is lower than feqsprc, the S-SHCC overlay provides insufficient tensile capacity to
sustain the redistributed tensile demand after first cracking, resulting in a brittle post-cracking
response. Conversely, when fegsprc is lower than feqsuee, the S-SHCC overlay provides sufficient
reserve capacity to sustain the redistributed tensile demand, promoting multiple cracking and strain
hardening and thereby leading to a ductile response. These predictions are consistent with
experimental observations.
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Figure 20. Prediction process for flexural capacity of the composite in the Y- and Z-directions.

Following initial cracking and subsequent load transfer to the S-SHCC overlay, the post-cracking
mechanical behavior under Y- and Z-direction bending can be analyzed using a modified stress

VI Load

7 WY W S R Compress10n
Xy ______4 zone
h 3ppC | SHCC M
overlay
v \“\‘Tension
« »le » zone
3dpe tshee

distribution model in

Figure , where the tensile resistance is provided entirely by the S-SHCC overlay. Similar to the
X-direction analysis, the model assumes perfectly plastic material behavior with uniform stress
distribution, resulting in rectangular stress blocks for both tension and compression zones [43].
Above the neutral axis, both S-SHCC overlay and 3DPC contribute to compression resistance, while
below the neutral axis, cracked 3DPC becomes ineffective and only S-SHCC carries loads. Egs. (11)-
(14) present the procedure for calculating the peak flexural load-bearing capacity of the composite in
the ductile failure stage.
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Figure 21. Stress zones in composite sections under bending loads in the Y- and Z-directions.

Zlhcc = C3dpc + thcc (1 1)
O, et el
X = t,shee” shee (12)
O-t,shcctshcc + c,shcctshcc + c,3dpct3dpc
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Mpeak = ];hcc 2 + (CSdpc shcc)( ) (13)
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Table and Table compare the experimental and predicted values for elastic stage and peak
flexural load performance under the Y- and Z-directions, respectively. As shown in Table , the
predicted elastic cracking loads (Pror) exhibited good agreement with the experimental results, with
most deviations within 20%. The model successfully predicts the failure modes, identifying ductile
failure for Y-direction specimens and brittle failure for Z-direction specimens, which generally agree
with the experimental results. Furthermore, the peak-load comparison in Table demonstrates
reasonable accuracy with spreads of 13.9% and 2.1% for the T20-V-Y and T30-V-Y specimens,
respectively. This validates the proposed analytical framework for reliably capturing the post-
cracking behavior in the composite under different loading directions. Figure presents the
correlation between the predicted and experimental results for both LOP and MOR loads across
different loading directions. The material properties used in the predictions were obtained from
independent material tests rather than back-calculated from the flexural test results of the composite
specimens. The regression analysis yielded a strong correlation (R? = 0.92) with the fitted line
equation. The data points cluster closely around the diagonal reference line, demonstrating good
predictive accuracy of the analytical model across all testing configurations. Further validation is
recommended for other material combinations or geometric configurations.

Table 9. Elastic bending performance comparison under Y- and Z-directions loading.

) fueq (MPa) Elastic stage (kN) Predict failure

Specimen -

fteq3DPC | freqsHCC Exp. (Prop) Predict. (Pror) Spread (%) mode
T10-V-Y 1.3+0.2 1.0 23.1 Brittle
T20-V-Y 5.6 7.2 1.5+0.1 1.6 6.7 Ductile
T30-V-Y 1.7+0.1 2.3 29.4 Ductile
T10-H-Z 1.9+0.2 1.5 28.4 Brittle
T20-H-Z 7.8 7.2 2.3+0.2 22 4.3 Brittle
T30-H-Z 3.2+04 3.2 0 Brittle

Table 10. Bending performance comparison at peak flexural load under Y- and Z-directions loading.

Specimen Peak-load stage (kN)

Exp. (Pmor) Predict. (Pmor) Spread (%)
T20-V-Y 1.8+0.3 1.6 13.9
T30-V-Y 2.3+0.1 2.3 21

® P, X-direction A Py, X-direction
44 V¥ Py Y/Z-direction @ Py, Y/Z-direction

1=0.4+0.87x
R?=0.92

Experimental P, or Py (kKN)

1 2 3 4
Predicted P, or Py;or (KN)

Figure 22. Predicted versus experimental values of Pror and Pmor with regression analysis.
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5. Conclusions

This study investigated the flexural performance of 3DPC reinforced with S-SHCC overlays of
different thicknesses. Four-point bending tests combined with DIC were employed to examine
flexural behavior and interfacial performance. A modified plane-section model accounting for
overlay thickness and loading direction was developed. The main conclusions are as follows.

(1)  The compressive strength of the reinforced 3DPC exhibited a pronounced anisotropic
response in the X-, Y-, and Z-directions. Compared with the plain 3DPC, the reinforced specimens
showed a modest increase of 4%-12% in the X-direction, whereas the compressive strength gains in
the Y- and Z-directions were 0-18% and 49%-57% respectively. Among the three overlay thicknesses
tested (10, 20, and 30 mm), the 20 mm overlay demonstrated the optimal overall compressive
performance.

(2)  Under four-point bending, as the S-SHCC overlay thickness increased from 10 to 30 mm,
the overlay gradually became the dominant load-bearing component, with flexural performance
exhibiting a non-linear relationship with overlay thickness. For T30 specimens, the H-X loading
direction led to an optimal overall performance, achieving a 319% increase in peak flexural load
compared to plain 3DPC specimens, while the V-Y direction exhibited the lowest peak flexural load
among T30 specimens, with a 167% improvement in peak flexural load.

(3)  Ductility analysis revealed that specimens prepared with 10 mm S-SHCC overlays
exhibited limited ductility, as this thickness was insufficient to provide sustained post-cracking
deformation capacity. However, 20 and 30 mm overlays effectively transformed the brittle failure of
plain 3DPC specimens into ductile composite systems, with peak flexural load improvements of
100%-350% and ultimate deflection enhancements of 250%—-650% across all directions compared to
plain 3DPC. Deflection-hardening behavior was primarily exhibited by specimens with 20 and 30
mm overlays in the H-X, V-X, and V-Y directions. Considering overall performance, the 20 mm
overlay thickness represented an optimal balance between crack resistance and deformation capacity.

(4)  DIC measurements demonstrated that longitudinal strain varied linearly with specimen
height, achieving R? greater than 0.97 in all cases, thereby validating the plane-section assumption
for the reinforced 3DPC composite system. Effective interfacial bonding was confirmed by the small
and uniformly distributed shear strain (0.49% and 0.12% at 75% peak flexural load and 100% peak
flexural load, respectively) and minimal interfacial slip throughout loading. Principal strain field
analysis further indicated that failure cracks were predominantly concentrated within the S-SHCC
overlay.

(5)  The anisotropy-modified plane-section assumption model accurately predicted structural
behavior across different loading directions. Under the X-direction four-point bending test, predicted
cracking loads deviated less than 28% from measured values in the elastic stage, while peak load
predictions remained within 30% deviation. For Y- and Z-direction loading, the model achieved
better accuracy with cracking load deviations mostly within 20% and peak flexural load spreads of
13.9% and 2.1% for T20 and T30 samples, respectively, successfully capturing failure modes across
all configurations.
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