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A B S T R A C T

Auxetic cementitious cellular composites (ACCCs) exhibit hinge-type recoverable deformation during auxetic 
behavior phase, a rare pseudo-elastic property in cementitious materials. However, their low load-bearing ca-
pacity during this phase restricts their use in high-load applications. This study developed ACCCs using strain- 
hardening cementitious composites (SHCCs) with short (SHCC-SS) and long (SHCC-LS) softening tails, fabri-
cated by additive manufacturing-assisted casting. Uniaxial compression tests employing Digital Image Correla-
tion (DIC) evaluated their compressive behavior, peak strength, Poisson’s ratio variation, and energy dissipation. 
Cyclic tests after pre-compression assessed their recoverable deformation resilience, with fiber bridging at joint 
cracks examined using digital optical microscope. Results were compared to a reference using fiber-reinforced 
cementitious materials with strain softening (SS). Compared to the reference (SS), ACCCs using SHCC mix-
tures exhibit superior load-bearing capacity and stable auxetic behavior under compression. After self-contact, 
they maintain a negative Poisson’s ratio up to a considerably high compressive strain, preventing splitting 
failure and preserving structural integrity. This is because incorporating SHCC enables greater joint rotation by 
promoting multiple cracks with strain hardening, which delays primary crack formation and reduces its opening. 
During cyclic tests, P1-shaped ACCCs with SHCC-LS and SHCC-SS enhance the elasticity modulus of recoverable 
deformation by 4.8 and 3.0 times, respectively, compared to SS. SHCC-LS outperforms SHCC-SS in compressive 
resilience due to its prolonged softening tail, which improves fiber bridging in primary cracks and increases 
rotational stiffness in hinge joints. SHCC mixtures with initial strain hardening and extended softening enable 
scalable design of advanced auxetic cementitious materials across various load levels.

1. Introduction

Additive manufacturing of cement-based materials enables the 
development of Architected Cement-based Materials (ACMs), which 
incorporate intricately designed internal geometries on a millimeter to 
centimeter scale. These geometries are tailored to achieve specific me-
chanical properties. Typically, ACMs are composed of repeated unit 
cells, where the overall bulk properties depend on both the mesoscale 
geometry of the unit cells and the characteristics of the matrix material. 
Moini et al. [1] employed 3D printing technology to produce solidified 
cement paste elements, developing bioinspired Bouligand architectures 
recognized for their resilient properties and advanced performance 

characteristics. Sajadi et al. [2] employed cementitious materials to 
create schwarzite structures through the use of 3D-printed molds, 
significantly improving the ductility, toughness, and energy absorption 
capabilities of cement-based materials. Wan et al. [3] utilized direct ink 
writing to manufacture cementitious materials capable of self-healing 
through vascular networks created by incorporating purposeful hollow 
channels within the cement matrix. This pioneering approach allows for 
construction materials with mechanical tunability and advanced func-
tionalities, marking a crucial step toward reimagining traditional civil 
infrastructure systems. Further, these architected cementitious struc-
tures are lightweight and less dense than solid materials, leading to 
reduced material usage. By reducing the use of cement, this approach is 
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also cost-effective and helps lower carbon emissions, as cement pro-
duction is a major source of CO2.

Plain cementitious materials have long been criticized for their 
brittleness, making them susceptible to cracking even under minor de-
formations. To address this issue, reinforced cementitious composites 
are frequently utilized in both research and engineering. One common 
approach is to incorporate short fibers to improve the ductility of plain 
cementitious materials. Through specialized mixture designs, it is 
possible to achieve strain-hardening behavior under tensile loads, as 
seen in SHCC [4–9]. This development enables the creation of intricate 
forms, resulting in a wider variety of structures with improved me-
chanical properties. Nguyen-Van et al. [10] examined the flexural 
properties of 3D-printed concrete beams with Bouligand structures, 
creating a simulation framework to predict anisotropy in steel 
fiber-reinforced materials. Liu et al. [11] studied 3D-printed 
fibre-reinforced concrete with a Bouligand helical pattern under 
impact stress and found that the pitch angle greatly influences impact 
resistance. Inspired by the mantis shrimp in nature, Du et al. [12] uti-
lized Bouligand structures to enhance 3DP-Strain-Hardening Cementi-
tious Composites (3DP-SHCC). Inspired by conch shells in nature, Zhou 
et al. [13] used innovative "knitting" and "tilting" filament printing 
patterns to enhance the bending performance and reduce the anisotropy 
of 3D-printed ECCs. Ohno et al. [14] created a design framework for 
truss-type ACMs utilizing SHCC, with an emphasis on maximizing en-
ergy absorption during compression. In our previous study [15], we used 
an "indirect" 3D printing technique to create ACCCs. This involved 3D 
printing negative molds from materials like ABS to efficiently produce 
silicone rubber molds for casting uniquely shaped cementitious 
materials.

Conventional materials have positive Poisson’s ratios, expanding 
laterally under compression and contracting laterally under tension, as 
shown in Fig. 1. In contrast, auxetic materials have negative Poisson’s 
ratios, contracting laterally under compression and expanding laterally 
under tension. For auxetic concrete, Xu et al. [15] developed auxetic 
concrete by using a fiber-reinforced cementitious composite as the base 
material and designing a cellular structure with evenly distributed 
elliptical voids. This structure is referred to as elliptical-shaped ACCCs. 
Xie et al. [16] developed peanut-shaped ACCCs to enhance energy 

dissipation capability, ductility, and toughness by mitigating stress 
concentration through the incorporation of peanut-shaped holes. Under 
uniaxial compression, the ACCCs exhibited auxetic behavior with a 
negative Poisson’s ratio due to the crack bridging mechanism within the 
cementitious matrix. The lateral contraction densified the material and 
enhanced its resistance to splitting failure. Additionally, this inward 
lateral pull increased material deformation, leading to higher energy 
absorption. Meanwhile, the increased porosity of auxetic structures re-
duces their mass, showcasing the potential of ACCCs as lightweight, 
high-performance structural materials. Xu et al. [17] further developed 
a 3D auxetic cementitious-polymeric composite (3D-ACPC) with a 
3D-printed polymer shell and cementitious mortar, exhibiting 
compressive strain-hardening and high energy absorption. Additionally, 
incorporating 3D-printed polymeric auxetic reinforcement structures 
into cementitious mortar produces composites with enhanced properties 
[18–20]. These composites demonstrate significant compressive 
ductility, high recoverable deformability, and superior energy dissipa-
tion due to the synergistic effects of the auxetic structures combined 
with the mortar.

Typically, ACCCs exhibit two distinct stages with two peak stress 
points under uniaxial compression, marked by the strain at which self- 
contact occurs within the central hole between the top and bottom 
ends (i.e., the self-contact point). In Fig. 2, ACCCs begin to display a 
higher magnitude of negative Poisson’s ratio (high auxetic behavior) 
after the first peak stress in Stage I. Upon reaching the self-contact point, 
the magnitude of the negative Poisson’s ratio starts to decrease until it 
reaches zero and then becomes a positive Poisson’s ratio during Stage II. 
The range from the first peak stress point to the self-contact point rep-
resents a compressive strain range characterized by high auxetic 
behavior. Within this range, ACCCs demonstrate significant deformation 
capacity and a certain level of recoverable elastic deformation—a 
pseudo-elastic characteristic not typically found in traditional cemen-
titious materials. The remarkable recoverable deformation behavior of 
ACCCs, akin to elastomers, broadens the potential applications of 
elastomer-like cementitious materials. They can be employed to create 
advanced multifunctional cementitious composites, incorporating fea-
tures such as mechanical tunability, energy harvesting, and sensing 
capabilities. Xie et al. [21] have leveraged this innovative capability for 

Fig. 1. Schematic diagrams illustrating positive (a) and negative (b) Poisson’s ratios in bulk materials.
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energy harvesting by integrating PVDF (Polyvinylidene Fluoride) into 
ACCCs. Energy harvesting experiments have shown that the 
ACCCs-PVDF system generates a sinusoidal output voltage with peaks 
reaching several volts during each cycle of cyclic loading. Barri et al. 
[22] integrated concrete mixture with graphite powder and auxetic 
polymer structures, resulting in a concrete material system that exhibits 
unprecedented mechanical and electrical tunability due to snap-through 
buckling behavior. Valverde-Burneo [23] has developed a multifunc-
tional cementitious material reinforced with PVA and recycled carbon 
fibers. This material exhibits both conductive and auxetic properties, 
making it suitable for applications such as self-sensing concrete. How-
ever, the compressive strain range with high auxetic behavior tends to 
result in low stress from crack bridging (i.e., poor load-bearing capacity 
or stiffness), even though the deformation in this range is significant. 
This issue limits its applicability in high load-capacity scenarios, such as 
vehicle loads, making it challenging for engineering applications. 
Additionally, low rotational stiffness, due to poor fiber-bridging and a 
single widened crack in the joints, is more prone to damage, particularly 
considering the heterogeneity of cementitious materials [24–27] and 
inconsistencies in manual casting quality.

This study aimed to improve the load-bearing capacity and recov-
erable deformation elasticity of ACCCs within their high auxetic 
behavior range by using SHCC. Elliptical ACCCs were designed and 
fabricated using two types of SHCC—one with short softening tail and 
one with long softening tail—through additive manufacturing-assisted 
casting. The ACCC specimens underwent uniaxial compression tests 
combined with DIC to evaluate their compressive behavior, peak 
strength, Poisson’s ratio variation, and energy dissipation capacity. 
Following initial compression into the high auxetic behavior range, 
cyclic tests assessed their compressive deformation resilience. A digital 
optical microscope was then employed to analyze fiber bridging at the 

cracks in the joints between adjacent holes in the ACCCs. Results were 
compared with a reference mixture of fiber-reinforced cementitious 
materials with strain softening.

2. Experiments

2.1. Design theory

Fig. 3 gives a schematic illustration of the auxetic mechanism of 
ACCCs under uniaxial compression. Due to the chirality of each cell 
section in the studied structure, the joints are misaligned locally. The 
symmetric structure does not experience shear force at the joints in the 
middle. When a uniaxial compressive load is applied, these joints un-
dergo a bending moment (indicated in green box) similar to a four-point 
bending condition (Fig. 3a). This creates tensile stresses (indicated by 
red arrows) at the two ends of the minor axis and compressive stresses 
(indicated by blue arrows) at the two ends of the major axis (Fig. 3a). 
Since cementitious materials are much weaker in tension than in 
compression, cracks form on the tension side. As shown in Fig. 3b, 
cementitious matrix without fiber or with insufficient fiber bridging will 
quickly develop cracks throughout the joint, causing the sections to 
separate. The auxetic behavior of ACCCs is achieved through section 
rotation by angle θ around the joints (Fig. 3a) and inward folding at the 
hollow spaces. The behavior of the cracked specimen depends on the 
fiber-bridging ability of the cementitious materials. Fiber is added to the 
cementitious matrix to limit crack development. As illustrated in Fig. 3c, 
the primary crack develops into a triangular shape under bending. When 
the crack opens on the tensile side of the joint, the fiber bridging within 
the crack restricts its growth, preserving the integrity of the compression 
side of the joint. As a result, the significant deformation in the joints 
accommodates most of the externally applied compressive strain, 
thereby reducing the amount of compression in the vertical ligaments 
and leading to a collective rotational motion and a corresponding 
decrease in compressive stress. These cracked joints function as hinges, 
facilitating section rotation and inward folding for auxetic behavior. In 
Fig. 3c, primarily only one crack forms in the joints of ACCCs during 
section rotation, and its poor fiber-bridging capacity results in limited 
rotational stiffness. When considering high load-capacity scenarios (i.e., 
vehicle load), this makes it difficult to apply in engineering applications. 
Low rotational stiffness from poor fiber-bridging and a single widened 
crack is highly vulnerable to damage, especially due to material het-
erogeneity and manual casting inconsistencies.

The SHCC mixture enables ACCCs to develop multiple cracks in the 
joints. Instead of one primary crack, these multiple cracks can share and 
collectively sustain large deformations. This further reduces the opening 
of the primary crack and maintains effective fiber bridging during the 
later stages of high auxetic behavior. Typically, SHCC achieves large 
ductility through the formation of multiple small cracks, each sustaining 
limited strain. However, when the primary crack forms, it typically fails 
quickly with shortened softening tail. The significant rotation of ACCCs 
tends to produce one primary crack in the joints in the later stages, 
requiring this crack to sustain large deformations through effective fiber 
bridging. Extending the softening phase after the primary crack forms is 
expected to maintain effective fiber bridging and support the large de-
formations required for the auxetic behavior.

The pseudo strain-hardening (PSH) behavior of in SHCC [28–32] was 
achieved by an energy-based criterion for flat crack propagation 
(Fig. 3d), which illustrates the relationship between fiber bridging stress 
(σ) and crack opening (δ). Specially, the crack-tip toughness Jtip of the 
matrix material should be lower than the maximum available comple-
mentary energy Jʹ

b. The Jtip signifies the energy required to fracture the 
matrix material at the crack tip. The Jʹ

b represents the maximum com-
plementary energy, accounting for the upper limit of fiber bridging, 
which occurs when the peak stress and crack opening reach their 
maximum values σ0 and δ0. In Fig. 3d, Jtip and Jʹ

b are represented by the 

Fig. 2. Strain range with high auxetic behavior during uniaxial compression.
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shaded area and the hatched area, respectively.

2.2. Sample preparation

Most auxetic metamaterials with auxetic unit cells are made from 
polymer or metal materials. These materials exhibit uniform deforma-
tion across different unit cells due to their highly homogeneous and 
ductile nature, which allows for significant deformation. In contrast, 
ACCCs, which use pseudo-brittle cementitious materials, are more sus-
ceptible to additional factors such as manual casting uncertainties, 
material heterogeneity, and loading boundary conditions (e.g., friction 
at the contact surface between the specimen and the loading plate). To 
more accurately assess the effect of constituent material changes on the 
mechanical performance of ACCCs, a single auxetic unit cell was used in 
this study. The fabrication of ACCCs followed the "indirect printing" 
process [33] illustrated in Fig. 4. Firstly, a designed unit cell with the 

dimensions was generated using a Fused Deposition Modeling (FDM) 3D 
printer, specifically the Ultimaker 2+, with ABS as the chosen printing 
material. The printed ABS shapes were then fixed inside a cardboard 
box. Subsequently, a two-component silicone rubber, Poly-Sil PS 8510, 
was mixed in a 1:1 mass ratio and poured into the box. The silicone 
rubber underwent curing at room temperature for a minimum of 1 h 
until hardening. Following this, the solidified silicone rubber was 
extracted from the box, serving as a mold for casting cementitious ma-
terials. Table 1 gives the geometric parameters of P1-shaped ACCCs, 
which was designed in our previous study [16].

2.3. Mixture design

A fine-grained fiber-reinforced mortar was used as the constituent 
material for ACCCs, with the mixture proportions shown in Table 2. 
Based on the design theory outlined in Section 2.1, three mixtures were 

Fig. 3. Auxetic behavior of ACCCs under compression, (a) section rotation, (b) ACCCs without fiber, (c) ACCCs with fiber-bridging in a single crack, (d) ACCCs with 
fiber-bridging in multiple cracks, and typical σ-δ relationship for fiber bridging in SHCC.

J. Xie et al.                                                                                                                                                                                                                                       Cement and Concrete Composites 161 (2025) 106069 

4 



designed to achieve the target uniaxial tensile stress-strain curves shown 
in Fig. 5. Mixture SS (reference) represents strain softening behavior 
after reaching peak stress, as similarly used in our previous studies [16,
21,33]. Mixture SHCC-SS is a typical SHCC that demonstrates significant 
strain hardening due to the development of numerous microcracks, 

followed by a short softening tail after crack localization occurs in the 
main crack [4,8,9,34–39]. The SHCC-LS mixture is specifically engi-
neered to improve ductility by exhibiting moderate strain hardening and 
multiple cracking at the onset, followed by a long softening tail. This 
extended softening tail enhances fiber bridging within the primary crack 

Fig. 4. Procedures for manufacturing ACCCs specimen.

Table 1 
Design geometric parameters of P1-shaped ACCCs specimen.

Major axis 
(mm)

Minor axis 
(mm)

Aspect 
ratio

One Ellipse area 
(mm2)

Specimen side length 
(mm)

Specimen thickness 
(mm)

Specimen volume 
(cm3)

Relative 
density

35.0 21.0 1.67 577.27 63 20 33.20 41.82 %

Table 2 
Mixtures used in this study (by weight).

Label C FA S/(C + FA) W/(C + FA) SP/(C + FA) VMA/(C + FA) PVA(Reference) 
(by volume)

PVA(RECS15) 
(by volume)

SS 1.0 1.2 0.37 0.46 0.0016 0.0003 2 % –
SHCC-LS 1.0 1.2 0.37 0.46 0.0016 0.0003 – 2 %
SHCC-SS 1.0 2.2 0.26 0.32 0.0083 0.0003 – 2 %
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after crack localization. The ingredients (see Appendix A) included CEM 
I 42.5 N, fly ash, sand (with a grain size between 125 and 250 μm), 
water, a polycarboxylate superplasticizer, a viscosity modifying agent 
(VMA), and Poly-vinyl-alcohol (PVA) fiber. Methylcellulose powder 
from Shanghai Ying Jia Industrial Development Co. Ltd. was used as a 
viscosity modifying agent (VMA) to improve fiber distribution. To attain 
the desired workability, MasterGlenium 51, a polycarboxylate-based 
superplasticizer from BASF (Germany), was utilized. For the reference 
mixture (Ref), 2 % volume fraction of Polyvinyl Alcohol (PVA) fiber 
from Changzhou TianYi Engineering Fiber was used. The two SHCC 
mixtures were reinforced with 2 % volume fraction of RECS15 PVA fiber 
from Kuraray GmbH. Fiber specifications are in Table 3.

The dry ingredients—CEM I 42.5, fly ash, sand, and VMA—were 
combined using a Hobart mixer for 4 min. Then, water and super-
plasticizer were added to the dry ingredients, followed by an additional 
2 min of mixing. Next, fibers were slowly added into the mortar and 
mixed for another 2 min. The mixture was subjected to high-speed 
rotation for 5 min to ensure uniform fiber distribution within the ma-
trix. The resulting fresh paste was poured into silicone molds, with each 
mold being filled in two layers. Each layer was vibrated for 20 s to ensure 
thorough consolidation. Plastic films were applied to cover the molds to 
prevent evaporation. After three days of curing at room temperature, the 
specimens were demolded and transferred to a curing chamber set at 
20 ◦C and 96 % relative humidity, where they remained until reaching 
28 days of age.

2.4. Experimental test

As shown in Fig. 6a, uniaxial tensile tests using dog bone specimens, 
as recommended by the Japan Society of Civil Engineers [40], were 
conducted to evaluate the tensile behavior of the three mixtures after 28 
days of curing. The dimensions of dog bone specimens are illustrated in 
Fig. 6b, and they were cast using the mold depicted in Fig. 6c. These tests 
utilized a TREBEL machine under displacement control with a constant 
loading rate of 0.005 mm/s. The displacement in the gauge region, with 
a testing volume of 13 × 80 × 30 mm3 (indicated by the blue dashed 
lines in Fig. 6b), was measured by the linear variable differential 
transducers (LVDT) positioned on the backside of the specimen. The 
deformation of the gauge region was also monitored across their entire 

area using DIC. DIC involves capturing images with cameras to track and 
record the surface movement of a deforming solid. The gauge region for 
DIC measurements were first painted white and then sprayed with a 
black speckle pattern. During loading, images for DIC were captured 
every 5 s by using a digital camera. The DIC results were subsequently 
processed using GOM Correlate software. A minimum of three dog bone 
specimens were tested for each mixture to ensure reliable results.

As shown in Fig. 7, uniaxial compression tests were performed on 
ACCCs specimen using a UNITRONIC machine under displacement 
control at a rate of 0.01 mm/s. Deformation was monitored across the 
entire specimen area using DIC. The displacement of the specimens was 
measured using LVDTs. Similarly, the specimens used for DIC mea-
surements were painted white and sprayed with a black speckle pattern. 
Images were captured every 10 s and processed using GOM Correlate 
software. The compressive stress-strain curve was obtained by calcu-
lating stress as the compressive force divided by the initial cross- 
sectional area (63 mm × 20 mm) and strain as the applied displace-
ment divided by the initial length (63 mm). Plastic films were used to 
reduce friction between the specimens and loading plates, facilitating 
the section rotation to achieve auxetic behavior.

To evaluate the deformation resilience of ACCCs, a sinusoidal cyclic 
test was conducted to determine the elastic modulus of compressive 
resilience. The experimental setup with the UNITRONIC machine and 
the loading plan are shown in Fig. 8. An extended loading plate (Fig. 8a) 
accommodated horizontal movement during cyclic testing. The speci-
mens were compressed to a displacement of Dcomp, followed by repeated 
cycles of compression and release at a frequency of f (Fig. 8b). The test 
was performed at a frequency (f) of 0.15 Hz (a period (T) of 6.67 s) with 
a 1.0 mm amplitude (A). Based on our previous study [16], Dcomp was set 
at 5.0 mm for ACCCs specimen with dimensions in Fig. 4. The 
stress-strain curve was calculated as in uniaxial compression. At least 
three replicates were tested for each mixture to obtain reliable results.

3. Results and discussion

3.1. Material properties

Fig. 9a, b, and c show the results of the uniaxial tensile tests for the 
mixtures SS, SHCC-LS, and SHCC-SS, respectively. Fig. 9d presents the 

Fig. 5. Uniaxial tensile behavior, (a) three mixtures, (b) SHCC mixture with extended softening.

Table 3 
Material properties of PVA fibers.

Fiber type Diameter (μm) Length (mm) Tensile strength (GPa) Young’s modulus (GPa) Density (g/cm3) Ultimate strain

PVA (Reference) 15 6 1.6 34 1.28 6.8 %
PVA (RECS15) 40 8 1.6 41 1.3 6.0 %
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average values of the uniaxial tensile test results for each mixture. The 
target strain range is selected with a very small interval as the reference 
strain coordinate for averaging. The experimentally obtained stress 
curves are then interpolated based on these reference strain coordinates. 
Finally, the interpolated values at each reference strain coordinate are 
averaged. To ensure the accuracy of the interpolation results, the 
spacing of the reference strain coordinates is set significantly smaller 
than the intervals between the experimental data points. In Fig. 9d, the 
highest strain point during the strain-hardening process was selected at 
the strain where the stress exhibits a significant decrease, marking the 
onset of softening. The starting and ending points of strain-hardening 
are marked in Fig. 9d, with the strain-hardening starting points 

represented by circles within subsets and the ending points shown as 
solid circles. In this context, the blue color represents SS, the green color 
indicates SHCC-LS, and the red color signifies SHCC-SS. Table 4gives 
detailed tensile properties of the three mixtures. Both SHCC-LS and 
SHCC-SS displayed tensile strain-hardening behavior, characterized by 
the emergence of multiple cracks. SHCC-LS demonstrated a moderate 
tensile strain capacity with strain-hardening behavior observed up to 
2.030 % strain, while SHCC-SS exhibited significant strain-hardening 
behavior extending up to 5.389 % strain due to additional fiber- 
bridging cracks, as shown in Figs. 9 and 10 and Table 4. Compared to 
SS, the SHCC mixtures exhibit lower initial cracking strength under 
tensile loading but higher overall tensile strength, as shown in Figs. 9 

Fig. 6. (a) Setup for uniaxial tensile test using dog bone specimen, (b) dimensions of dog bone specimen, (c) mold for dog bone specimen.
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and 10 and Table 4. Fig. 11 displays the major strain distribution of 
gauge region in the mixtures with SHCC based on DIC analysis. During 
uniaxial tension, SHCC-LS developed a significant crack at around 2 % 
strain. As the tension increased, this crack gradually widened to dissi-
pate energy, assisted by a few smaller cracks that also contributed to 
energy dissipation. In contrast, SHCC-SS showed more fine cracks to 
dissipate energy during tension, achieving a higher tensile strain ca-
pacity. It should be noted that SHCC-LS forms many small cracks at the 
localization of its main crack, which is due to fiber pull-out in this re-
gion. Figs. 9 and 10 and Table 4 also reveal that SHCC-LS has the highest 
strain softening range of 3.137 % among the three mixtures. In contrast, 
SHCC-SS exhibits the lowest strain softening range of 1.157 %, despite 
having the highest tensile strain capacity. Notably, SS shows a strain 
softening range of 1.934 % even though it lacks strain-hardening 
behavior, which explains why ACCCs using this mixture still achieves 
auxetic behavior with low load-bearing capacity in previous study [15]. 
As has been demonstrated in Section 2.1, ACCCs exhibit auxetic 
behavior when subjected to large deformations and tend to develop 
primary cracks with fiber bridging during the later stages of high auxetic 
behavior. Consequently, the single crack bridging capacity was evalu-
ated for the three mixtures. As illustrated in Fig. 12, SHCC-SS generates 
more cracks compared to SHCC-LS to achieve a greater tensile strain 
capacity. However, on average, the fiber bridging within each crack in 
SHCC-SS sustains a lower tensile strain than that in SHCC-LS.

ACCCs exhibit auxetic behavior through section rotation, which 

depends on the widening of crack openings on the tension side at the 
joint, while the compression side needs the material to have sufficient 
compressive strength to prevent failure. At the joint where ACCCs 
contact the loading plate, compressive forces are primarily transferred, 
and section rotation reduces the compressed contact area, resulting in 
increased compressive stress. Additionally, after self-contact of ACCCs, 
the structure predominantly shifts to compression to maintain its 
integrity, requiring the material to provide adequate compressive 
strength to ensure stability. The compressive behavior of the fiber- 
reinforced cementitious matrix was examined through uniaxial 
compression tests, following the test setup from our previous study [16]. 
These tests were conducted using the UNITRONIC machine under 
deformation control at a displacement rate of 0.01 mm/s. To measure 
displacement, two LVDTs were attached to opposite sides of each 
specimen. Six cubic specimens (20 mm × 20 mm × 20 mm) were tested 
in uniaxial compression for each mixture. The peak compressive stress 
from the stress-strain curve was used to determine the compressive ca-
pacity (i.e., compressive strength) of each mixture. Fig. 13 and Table 4
compare the compressive strength of the three mixtures. SHCC-LS and 
SHCC-SS show higher compressive strength than SS. Generally, when 
cubic specimens are subjected to compressive failure, they present di-
agonal cracks caused by the combination of tensile stress and 
compressive stress. Once cracks appear, the fiber bridging capability in 
SHCC mixtures prevents them from further propagation. The external 
energy applied during compression is distributed through the formation 

Fig. 7. Experimental setup for uniaxial compression testing of ACCCs.

Fig. 8. Cyclic tests of ACCCs, (a) experimental setup, (b) loading plan.
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Fig. 9. Uniaxial tensile tests results, (a) SS, (b) SHCC-LS, (c) SHCC-SS, (d) the average values of the three mixtures.

Table 4 
Tensile and compressive properties of different mixtures.

Mixture Tensile properties Compressive properties

Initial cracking strength (MPa) Tensile strength (MPa) Tensile strain capacity (%) Strain softening range (%) Compressive strength (MPa)

SS 2.514 ± 0.129 2.514 ± 0.129 0.066 ± 0.003 1.934 ± 0.003 13.142 ± 0.392
SHCC-LS 2.131 ± 0.291 2.812 ± 0.084 2.030 ± 0.226 3.137 ± 0.154 13.931 ± 0.293
SHCC-SS 2.183 ± 0.035 4.217 ± 0.085 5.389 ± 0.807 1.157 ± 0.391 14.028 ± 0.588

Fig. 10. Comparison of tensile properties of different mixtures (error bars indicate standard deviation).
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of multiple new cracks, preserving overall structural integrity and 
enhancing compressive strength.

3.2. Compressive behavior of ACCCs

3.2.1. Compressive stress-strain curve
Fig. 14 compares the stress-strain curves of ACCCs made from the 

three mixtures under uniaxial compression. The average stress-strain 
curves of ACCC under uniaxial compression in Fig. 14d were obtained 
using the same averaging method as in Fig. 9d. The load variation curves 
of ACCCs using different mixtures under uniaxial compression were 
given in Appendix B. Fig. 15 illustrates their deformation patterns under 
uniaxial compression. The mechanical response of ACCCs made from the 
three mixtures both shows two distinct stages during uniaxial 
compression, determined by the threshold strain when contact occurs 

between the top and bottom ends of the central elliptical-shaped hole (i. 
e., self-contact within the central elliptical-shaped hole). In Stage I, the 
initial peak stress of ACCCs made from SHCC mixtures is approximately 
0.4 MPa, which is higher than the 0.26 MPa observed in the reference, as 
seen in Fig. 16 and Table 5. Regarding the range of high auxetic behavior 
in Stage I, ACCCs made from SHCC mixtures exhibit higher stress 
compared to the reference. ACCCs made from SHCC-LS exhibit slightly 
lower stress than SHCC-SS before 6.6 % strain, but slightly higher stress 
beyond this point. The threshold strains for ACCCs using mixtures of SS, 
SHCC-LS, and SHCC-SS are 18.67 %, 19.95 %, and 19.37 %, respectively. 
The reference has the smallest threshold strain, indicating the earliest 
self-contact or the shortest range of high auxetic behavior due to the 
largest crack in the joints. Conversely, ACCCs using SHCC mixtures have 
greater crack resistance capability, delaying the occurrence of self- 
contact in ACCCs and extending the range of high auxetic behavior. 

Fig. 11. Major strain distribution during uniaxial tensile tests.

Fig. 12. Tensile properties of the two SHCC mixtures, (a) tensile strain versus number of cracks, (b) tensile strain versus tensile strain sustained by fiber-bridging 
within each crack (normalized by the gauge length). (Error bars in all plots indicate standard deviation.)
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When compared to the SHCC-SS mixture, ACCCs made from SHCC-LS 
exhibit a higher threshold strain and a more delayed self-contact, indi-
cating a longer range of high auxetic behavior. In Stage II, ACCCs made 

from SHCC-SS exhibit a rapid stress increase after self-contact and reach 
a higher stress level than the other two mixtures. Due to the delayed self- 
contact, ACCCs made from SHCC-LS show a slower stress increase in 
Stage II but eventually reach a higher second peak stress than the 
reference. The second peak stresses of ACCCs made from SHCC-LS and 
SHCC-SS are 6.00 MPa and 6.42 MPa, respectively, both exceeding the 
reference’s peak stress of 5.03 MPa (see Fig. 16 and Table 5). This in-
dicates that ACCCs using SHCC exhibit enhanced crack resistance and 
better maintain structural integrity compared to the reference.

3.2.2. Cracking behavior in the hinge joints
The auxetic behavior of ACCCs is due to section rotation and inward 

folding at the post-cracking hinge joint. The cracking behavior of the 
hinge joint in the three mixtures were further analyzed, focusing on 
crack number, the maximum crack mouth opening, and local strain. The 
maximum crack mouth opening represents the largest crack mouth 
opening among all cracks in the region, including the largest crack 
mouth opening formed by the merging of multiple cracks in the later 
stages of compression. The local strain in the joints is quantified as the 
ratio of the maximum crack mouth opening to the minor axis length. 
Using DIC analysis, the maximum crack mouth opening and the number 
of cracks in the joints were measured at each 5 % increment of 
compressive strain. As shown in Fig. 17, the number of cracks indicated 
by high major strain increased rapidly during this initial phase. Hence, 
the number of cracks was measured at every 1 % increment of 

Fig. 13. Compressive strength of different mixtures (error bars indicate stan-
dard deviation).

Fig. 14. Stress-strain curve of ACCCs under uniaxial compression, (a) ACCCs using SS, (b) ACCCs using SHCC-LS, (c) ACCCs using SHCC-SS, (d) comparison of the 
three mixtures.
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compressive strain up to 5 %. The auxetic behavior of ACCCs is triggered 
by the rotation of sections around the four joints, each functioning as a 
hinge joint with a certain rotation stiffness. Considering symmetric 
deformation under uniaxial compression, the average values of these 
parameters for the top and bottom joints were calculated and are pre-
sented in Fig. 18. The number of cracks in the joints increases with rising 
compressive strain for all three mixtures. ACCCs made from SS have 
significantly fewer cracks compared to those made from SHCC mixtures. 
Before 1 % strain, ACCCs made from SHCC-SS exhibit slightly more 
cracks than those made from SHCC-LS due to its greater strain hardening 
by multiple cracking. Afterwards, ACCCs made from SHCC-LS tend to 

develop more cracks in the joints than those made from SHCC-SS due to 
fiber pull-out behavior in localized regions. The maximum crack mouth 
opening in the joints also increases with compressive strain for all three 
mixtures. ACCCs made from SS have a notably larger maximum crack 
mouth opening compared to the SHCC mixtures. For ACCCs made from 
SHCC-LS, the maximum crack mouth opening is slightly lower than 
those made from SHCC-SS before 5 % strain and becomes significantly 
lower after 5 %.

Fig. 19 shows the average values of number of cracks, maximum 
crack mouth opening, and local strain from the left and right joints. 
Similarly, for all three mixtures, these parameters from the left and right 
joints follow the same trend as those from the top and bottom joints. 
Compared to the top and bottom joints, the left and right joints present 
fewer cracks for rotation. Because the load transfer direction in the left 
and right joints aligns with the structure’s uniaxial compression, the 
transferred compressive force reduces the edge tensile stress from 
bending in these joints. This results in a smaller tensile region and fewer 
cracks. In contrast, the tensile forces at the top and bottom joints in-
crease the edge tensile stress from bending, expanding the tensile region 
and leading to more cracks. Hence, the tensile stress at the top and 
bottom joints in SS quickly reaches yield stress and transitions into the 
plastic stage. Therefore, there is a significant decrease in load capacity, 
followed by the initiation and growth of cracks. Conversely, cracks in 
the left and right joints develop more slowly than those in the top and 
bottom joints. Further details on the quantitative mechanical analysis of 
the joints can be found in Appendix C. In SS, tensile stress is mainly 
managed by a single crack, which accommodates structural rotation and 
results in a significantly larger maximum crack mouth opening and local 
strain at the top and bottom joints compared to the left and right joints. 
In SHCC-based ACCCs, multiple cracks form to distribute the deforma-
tion required for structural rotation. This results in similar maximum 
crack mouth openings and local strain between the top, bottom joints 
and the left, right joints.

3.2.3. Poisson’s ratio variation

υ= −
εx

εy
(1) 

Based on the DIC analysis, the Poisson’s ratio of ACCCs during 
compression was calculated using the ratio of lateral strain to 
compressive strain, as described in Eq. (1). Herein, εx represents the 

Fig. 15. Deformation of elliptical ACCCs under uniaxial compression for the three mixtures.

Table 5 
Comparison of the first peak stress and the second peak stress.

Mixture First peak stress Second peak stress

SS 0.263 ± 0.043 5.031 ± 0.469
SHCC-LS 0.394 ± 0.068 6.004 ± 0.568
SHCC-SS 0.402 ± 0.038 6.417 ± 0.539

Fig. 16. Comparison of a) the first peak stress, (b) the second peak stress. (Error 
bars in all plots indicate standard deviation.)
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ratio of the maximum projected length (lx,max in Fig. 20a) in the lateral 
direction (i.e., x-direction) to the initial length in the lateral direction, 
and εy denotes the compressive strain (i.e., y-direction).

As shown in Fig. 3, the auxetic behavior in ACCCs under compression 

originates from the rotational movement of sections, enabled by fiber 
bridging at the joints of adjacent holes within the cementitious unit cell. 
Fig. 20 shows the variation in lateral strain, rotation angle, and Poisson’s 
ratio among ACCC specimens across three different mixtures. The strain 

Fig. 17. Major strain distribution through DIC analysis.
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range from 15 % to 20 % is close to self-contact. Therefore, results for an 
additional 17.5 % strain are included. The rotation angle in Fig. 20c was 
measured using DIC. In the GOM Correlate software, DIC can determine 
the angle between two lines—one being the target line and the other 
serving as the reference axis (i.e., the x-axis or y-axis). As shown in 
Fig. 20a, the angle θ per frame in DIC is calculated by averaging the 
angles of each edge at the four end joints (marked as red edges) relative 
to the y-axis before self-contact occurs. The calculated angle variation 
during compression is then defined as the rotation angle. As shown in 
Fig. 20, from 0 % to 15 % strain, as compressive strain increases, all 
specimens initially exhibit a growing absolute magnitude of a negative 
Poisson’s ratio, characterized by increased lateral contraction during 
compression due to more pronounced section rotation. Between 15 % 
and 20 % strain, the absolute value of Poisson’s ratio continues to in-
crease for ACCCs with SHCC-SS, whereas for the reference and ACCCs 
with SHCC-LS, it begins to decrease. This may be because ACCCs with 
SHCC-SS have the smallest absolute Poisson’s ratio among the three, 
allowing it to continue increasing within this strain range through sec-
tion rotation. Moreover, this strain range is very close to self-contact. 
The hinge joint crack is not perfectly centered due to the heterogene-
ity of the cementitious material, which could lead to the specimen 
reaching self-contact earlier or causing contact between the end joints 
(indicated by red edges in Fig. 20a) and the loading plate. These contacts 
shift the load-bearing mechanism from fiber-bridging in the joints to 
primarily compression. With its higher compressive strength compared 

to SHCC-LS and the reference, SHCC-SS more effectively mitigates 
contact-induced damage. As a result, the section continues to rotate 
toward the center, further increasing lateral shrinkage strain in the x- 
direction and reducing the decline in the absolute value of Poisson’s 
ratio. However, beyond 20 % strain, as self-contact intensifies, the ab-
solute magnitude of the negative Poisson’s ratio decreases and begins to 
transition towards a positive Poisson’s ratio. This happens because 
lateral contraction diminishes when section rotation halts and eventu-
ally transitions to lateral expansion under continued compression. The 
reference shows the shortest duration of a negative Poisson’s ratio, with 
the absolute value of the negative Poisson’s ratio rapidly decreasing 
after self-contact due to its poor crack-resistance capacity and less post- 
cracking fiber-bridging capacity. Nevertheless, ACCCs with SHCC 
demonstrate enhanced crack resistance and post-cracking fiber-bridging 
ability, resulting in a prolonged negative Poisson’s ratio that lasts up to 
40 %. This accounts for their increased load-bearing capacity observed 
in the compressive stress-strain curve (Fig. 14) and the maintained 
structural integrity (Fig. 15). Still, the larger cracks in the reference 
cause more inward section rotation and greater contraction, leading to a 
higher absolute value of the negative Poisson’s ratio before self-contact. 
It should be noted that ACCCs with SHCC-LS demonstrate greater lateral 
contraction, increased section rotation, and a higher absolute magnitude 
of negative Poisson’s ratio before self-contact compared to ACCCs with 
SHCC-SS. As shown in Figs. 18 and 19, within the high auxetic behavior 
range, ACCCs with SHCC-LS exhibit a smaller maximum crack mouth 

Fig. 18. Number of cracks (a), maximum crack mouth opening (b), local strain (c) in the joints of ACCCs with the three mixtures (top and bottom joints). (Error bars 
in all plots indicate standard deviation.)
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opening in the joint and a greater number of cracks. This indicates that 
ACCCs with SHCC-LS accommodate greater deformation by forming 
more small cracks in the joint, enabling lateral contraction and section 
rotation while preserving effective fiber bridging and rotational 
stiffness.

3.2.4. Energy absorption capacity
The specific energy absorption (SEA) per unit volume [16,33,41–43] 

was calculated using Eq. (2) to remove the influence of material volume 
on energy absorption during uniaxial compression. 

SEA=

∫
F⋅dD
V

=

∫
σ⋅dε
ρ (2) 

where F represents the compressive force, D denotes the vertical 
displacement, and V stands for the volume of the specimen. The 
compressive stress σ curve was obtained by calculating stress as the 
compressive force divided by the initial cross-sectional area (63 mm ×
20 mm) and strain ε as the displacement divided by the initial length (63 
mm). ρ is relative density.

Fig. 21 illustrates the SEA of ACCCs for the three mixtures. All ACCC 
specimens exhibit a gradual increase in SEA during Stage I, followed by a 
rapid increase in Stage II. In Stage I, SEA increases slowly due to plastic 
deformation and crack damage occurring in a limited region at the four 
joints. After self-contact, in Stage II, ACCCs leverage their entire area to 

withstand further compression. This results in continuous plastic 
deformation and extensive crack damage, leading to a significant rise in 
SEA. In Stage I, ACCCs from SHCC mixtures exhibit a higher SEA 
compared to the reference. ACCCs from the SHCC-LS mixture initially 
have a slightly lower SEA than those from the SHCC-SS mixture up to 
nearly 12.7 % strain, but then show a slightly higher SEA than the SHCC- 
SS mixture beyond that point. In Stage II, ACCCs using the SHCC-SS 
mixture presents a high SEA compared to the other two due to its 
ductility with multiple cracking and relatively higher tensile and 
compressive strength. Because of delayed self-contact, ACCCs made 
from SHCC-LS experience a slower rise in SEA during Stage II but ulti-
mately attain a higher SEA peak than the reference. Fig. 22 and Table 6
compare the SEA of ACCCs using the three different mixtures across 
various stages. Herein, the accumulated SEA in Stage II was considered 
only up to the second peak stress in Fig. 14 for each mixture. As shown in 
Fig. 22a, ACCCs made from SHCC mixtures have a higher accumulated 
SEA during the entirety of Stage I compared to the reference (SS). By the 
end of Stage I, ACCCs made from SHCC-LS have a higher SEA of 0.064 J/ 
mm3, compared to 0.058 J/mm3 in ACCCs made from SHCC-SS. In 
Fig. 22b, the total SEA accumulated during both stages for ACCCs using 
SS, SHCC-LS, and SHCC-SS mixtures are 1.35 J/mm3, 1.48 J/mm3, and 
1.64 J/mm3, respectively. The SEA for ACCCs using SHCC mixtures is 
higher than the reference, with ACCCs made from SHCC-SS showing a 
higher SEA than those made from SHCC-LS.

Fig. 19. Number of cracks (a), maximum crack mouth opening (b), local strain (c) in the joints of ACCCs with the three mixtures (left and right joints). (Error bars in 
all plots indicate standard deviation.)
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3.3. Cyclic test results of ACCCs

Fig. 23 shows the cyclic behavior of ACCCs made from the three 
mixtures. Three replicates of each mixture were tested under cyclic 
loading. Fig. 24 and Table 7 present the average response of the three 
replicates for each mixture. Remarkably, ACCCs demonstrate significant 
recovery of structural deformation upon the release of compressive 
loading in cyclic tests, similar to the elastic behavior of elastomers. 
Despite some plastic deformation or damage, ACCC specimens strive to 
resume to their original shape when a deforming force is removed — a 
behavior uncommon in traditional cementitious materials. The terms 
"compressive deformation resilience" or "recoverable deformation elas-
ticity" are employed to describe the structural recovery or elastic 
behavior of the entire structure upon the release of compressive stress. In 
each loading cycle, stress increases concurrently with the rise in 
compressive displacement. Upon reaching the maximum displacement, 
the ACCCs specimen reaches peak stress, directly correlating with the 
applied displacement. Subsequently, as the loading plate gradually 
moves away from the ACCCs specimen, stress diminishes to nearly 
negligible levels. Peak-to-peak stress and modulus of elasticity for 
recoverable deformation for each specimen was calculated by averaging 
values over ten cycles in Fig. 23. The modulus of elasticity for recover-
able deformation was calculated by dividing the peak-to-peak stress by 
the corresponding strain range. As shown in Fig. 24a, the reference 
specimen exhibits a lower peak-to-peak stress of 0.0124 ± 0.0004 MPa 
compared to ACCCs made from SHCC mixtures. ACCCs with the SHCC- 

LS mixture have a peak-to-peak stress of 0.0607 ± 0.0033 MPa, higher 
than the 0.0377 ± 0.0049 MPa observed in ACCCs with the SHCC-SS 
mixture. Similarly, the reference exhibits a modulus of elasticity for 
recoverable deformation of 0.3996 ± 0.0004 MPa, as shown in Fig. 24b. 
Compared to the reference, ACCCs made from SHCC-LS and SHCC-SS 
achieve elastic moduli of 1.9080 ± 0.1036 MPa and 1.1862 ± 0.1520 
MPa, respectively, which are 4.8 and 3.0 times higher. Notably, ACCCs 
with the SHCC-LS mixture exhibit a greater modulus of elasticity for 
recoverable deformation than those with the SHCC-SS mixture. Fig. 24c 
further compares the specific energy absorption of ACCCs per cycle 
made from the three mixtures. The specific dissipated energy per cycle 
was determined by calculating the area enclosed between the loading 
and unloading stress-strain curves for each cycle in Fig. 23, and then 
dividing this value by the relative density, as indicated in Eq. (2). 
Herein, these values were averaged over ten cycles in Fig. 23. Among the 
three mixtures, ACCCs with the SHCC-LS mixture exhibit the highest 
special energy absorption per cycle at (6.907 ± 0. 223) × 10− 4 J, as 
displayed in Fig. 24c. Herein, ACCCs using the SHCC-SS mixture also 
show a higher special energy absorption of (4.550 ± 0. 941) × 10− 4 J 
per cycle, compared to (1.628 ± 0. 366) × 10− 4 J in the reference 
mixture. This is attributed to the reference (SS) having significantly 
lower fiber-bridging capacity, which reduces rotational stiffness in the 
pseudo-hinge joints. As a result, its peak stress and modulus of elasticity 
for recoverable deformation are lower than those of SHCC-based ACCCs, 
leading to decreased energy absorption during cyclic loading. Further-
more, ACCCs exhibit high ductility, with a wide compression 

Fig. 20. (a) Schematic diagram of calculations in ACCCs, (b) Lateral strain variation, (c) Rotation angle variation, (d) Poisson’s ratio variation. (Error bars in all plots 
indicate standard deviation.)
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deformation range from the first peak stress to the point of significant 
stress drop after the second peak stress under uniaxial compression. This 
elastomer-like behavior during cyclic loading utilizes ductility within 
the high auxetic deformation range. Specifically, SHCC-based ACCCs 
utilize this ductility to sustain greater stiffness for recoverable defor-
mation within a certain range during cyclic loading, thereby improving 
the energy absorption. SHCC-LS outperforms SHCC-SS in both the en-
ergy absorption and ductility due to its higher modulus of elasticity for 
recoverable deformation, allowing it to achieve greater peak stress. This 
advantage stems from enhanced fiber bridging in primary cracks 

Fig. 21. Specific energy dissipation, (a) ACCCs made from SS, (b) ACCCs made from SHCC-LS, (c) ACCCs made from SHCC-SS, (d) comparison of the three mixtures.

Table 6 
Comparison of specific energy absorption of ACCCs with the three mixtures.

Mixture Stage I (J/mm3) Stage I+ Stage II (J/mm3)

SS 0.027 ± 0.004 1.348 ± 0.173
SHCC-LS 0.064 ± 0.011 1.484 ± 0.132
SHCC-SS 0.058 ± 0.007 1.640 ± 0.125

Fig. 22. Comparison of specific energy absorption of ACCCs with the three mixtures, (a) Stage I, (b) Stage I+ Stage II. (Error bars in all plots indicate stan-
dard deviation.)
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through extended softening.
The specimens were initially compressed to a displacement of 5.0 

mm (7.94 % compressive strain) and then subjected to a cyclic test with 
repeated compression and release cycles at a frequency of 0.15 Hz. The 
cyclic test was conducted with an amplitude (A) of 1.0 mm, corre-
sponding to a compressive strain range of 6.35 %–9.52 %. This strain 
range falls within the region of high auxetic behavior, as described in the 
Introduction (extending from the first peak stress point to the self- 
contact point). Fig. 25 depicts the deformation resilience patterns of 
ACCCs using the three mixtures during each cycle of compression and 
release. Each red point represents the loading state of the three ACCCs 
within each sinusoidal cycle. From top to bottom, each row in Fig. 25
represents the deformation resilience pattern of specimens at the trough, 
central position, and peak of the sinusoidal loading cycle. The stress- 

strain curve remains nearly identical across the ten cycles in Fig. 23, 
and the deformation resilience pattern is nearly consistent. Therefore, 
deformation images from one of these cycles were selected for com-
parison. Unlike the single primary crack in the joints of the reference, 
ACCCs with the SHCC mixtures show a smaller primary crack accom-
panied by surrounding minor cracks. Fiber bridging in both the primary 
and minor cracks enhances the rotational stiffness of these ACCCs. After 
cyclic tests, a digital optical microscope was utilized to study fiber 
bridging and pull-out behaviors at the cracks in the joints between 
adjacent holes in ACCCs using the three mixtures (see Appendix D). 
More details regarding the recoverable deformation of SHCC-based 
ACCCs can be found in the videos included in the Supplementary data. 
To further verify the advantages of the material proposed in this study, 
another cell type of ACCCs (P1-thick) was fabricated and tested (see 

Fig. 23. Cyclic behavior of ACCCs specimens, (a) SS, (b) SHCC-LS, (b) SHCC-SS.
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Appendix E), featuring an increased joint thickness based on modifica-
tions to the P1-shaped ACCC design.

4. Conclusions

This study created elliptical ACCCs using two SHCC type-
s—shortened softening and prolonged softening—through additive 
manufacturing-assisted casting. The ACCCs were tested for compressive 
behavior, compressive strength, Poisson’s ratio, and energy dissipation 
with DIC. Then, cyclic tests were performed to assess compressive 
deformation resilience. The test results were compared to a strain- 
softening fiber-reinforced cementitious reference mixture. The main 
conclusions can be presented as follows: 

(1) Compared to the reference (SS), ACCCs made with SHCC mix-
tures accommodate greater joint rotation by developing multiple 
cracks with strain hardening. This postpones the onset of primary 

cracks and further reduces the opening of the primary crack. In 
the later stages, the significant section rotation of ACCCs results 
in the formation of a primary crack in the joints. Utilizing SHCC 
with extended softening helps maintain effective fiber bridging 
within the primary crack and enhance rotational stiffness in the 
pseudo-hinge joints. As a result, this SHCC mixture enhances 
load-bearing capacity and recoverable deformation elasticity 
within the high auxetic behavior range of ACCCs.

(2) Compared to the reference (SS), ACCCs made from SHCC exhibit 
superior load-bearing capacity during high auxetic behavior 
range and stable auxetic behavior under uniaxial compression. 
Following self-contact, ACCCs made from SHCC mitigate the 
reduction in the magnitude of the negative Poisson’s ratio due to 
their crack-resistance capacity and sustain a negative Poisson’s 
ratio up to a considerably high compressive strain. Their strong 
fiber-bridging and crack resistance capabilities enhance the 
structure’s ductility and toughness, preventing splitting failure 
and preserving structural integrity. As a result, they show higher 
specific energy absorption than the reference (SS).

(3) Compared to the reference (SS), P1-shaped ACCCs made from 
SHCC-LS and SHCC-SS exhibit elastic moduli for recoverable 
deformation that are 4.8 and 3.0 times higher, respectively. 
Despite SHCC-LS having lower strain hardening than SHCC-SS, 
ACCCs made from SHCC-LS demonstrate greater recoverable 
deformation elasticity due to its extended softening capacity. This 
extended softening enhances fiber-bridging within the primary 
crack in the joints of ACCCs, as observed by microstructural 
analysis.

Fig. 24. (a) Peak-to-peak stress during cyclic loading, (b) recoverable deformation elasticity during cyclic loading, (c) specific energy absorption per cycle. (Error 
bars in all plots indicate standard deviation.)

Table 7 
Comparison of cyclic test results of ACCCs with the three mixtures.

Mixture Peak-to-peak 
Stress (MPa)

Elastic modulus for 
recoverable 
deformation (MPa)

Specific energy 
absorption (J/ 
mm3)

SS 0.0124 ± 0.0004 0.3996 ± 0.0004 1.628e-4±0. 
366e-4



SHCC- 
LS

0.0607 ± 0.0033 1.9080 ± 0.1036 6.907e-4 
±0.223e-4



SHCC- 
SS

0.0377 ± 0.0049 1.1862 ± 0.1520 4.550e-4±0. 
941e-4
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Using the SHCC mixture with extended softening provides stable 
auxetic behavior, which is applicable to various ACCCs shapes requiring 
strong fiber bridging and crack resistance. This broadens the engineer-
ing applications of auxetic cementitious elastomers to different load 
levels and scenarios. Their exceptional mechanical properties allow for 
effective impact energy absorption in infrastructure applications such as 
speed humps, seismic isolators, and engineered materials arresting 
systems (EMAS) for aircraft overrun mitigation [22,44]. Furthermore, 
their elastomer-like behavior under high auxetic deformation can be 
leveraged for multifunctional cementitious materials, such as energy 
harvesters and sensors for smart infrastructure. However, this study is 
limited to a specific SHCC-LS mixture with an initial strain hardening 
phase followed by extended softening. Adjusting these phases can 
further optimize ACCCs’ static compression and elastomer-like behavior 
under cyclic loading. Further research is also needed to investigate the 
micro-mechanisms of SHCC-LS for microstructural-based design and 
performance improvement. Future studies should also examine multiple 
cells of ACCCs to account for the effects of interactions between adjacent 
cells and the heterogeneity of cementitious materials.
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Fig. 25. Deformation resilience pattern of ACCCs with different mixtures.
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Appendix A. Ingredients used for mixture designs

Fig. A1. Ingredients used for mixture designs

Appendix B. Load variation curve of ACCCs using different mixtures under uniaxial compression
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Fig. B1. Load-strain curve of ACCCs under uniaxial compression, (a) ACCCs using SS, (b) ACCCs using SHCC-LS, (c) ACCCs using SHCC-SS, (d) comparison of the 
three mixtures.

Fig. B2. Comparison of a) the first peak load, (b) the second peak load. (Error bars in all plots indicate standard deviation.)
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Table B1 
Comparison of the first peak load and the second peak load.

Mixture First peak load (kN) Second peak load (kN)

SS 0.332 ± 0.054 6.340 ± 0.591
SHCC-LS 0.496 ± 0.086 7.565 ± 0.716
SHCC-SS 0.507 ± 0.048 8.086 ± 0.680

Appendix C. Mechanical analysis for the hinge joints in ACCCs

The mechanical analysis of the hinge joints in ACCCs is illustrated in Fig. C1. This analysis is limited to the initial moment, during which the 
structure is in the elastic deformation phase. The shape of the ACCCs is characterized by the geometric parameters a0 (half major axis) and b0 (half 
minor axis), with O denoting the central point. The equilibrium equations, including both force equilibrium equations and moment equilibrium 
equations, are established using the following formulas. F refers to force; M refers to moment. The labels x and y represent the coordinate axis di-
rections, while J denotes the joint. h is the size of joint in the x-y plane. t is the thickness of ACCCs in the z direction. Considering the symmetry, the 
mechanical analysis can be simplified to focus on 1/4 of the structure.

The force equilibrium equations in the y direction is 

F1y = F5y (C1) 

The force equilibrium equations in the x direction is 

F2x = F5x (C2) 

The moment equilibrium equations can be formulated as 

M1 +M2 + F2x ⋅ (a0 + h /2)= F1y⋅(a0 − b0) (C3) 

Fig. C1. Mechanical analysis for the hinge joints in ACCCs

The rotation of ACCCs primarily results from the deformation at the four points located at the top (J2), bottom (J4), left (J1), and right (J3). The 
deformation of other parts of the structure is minimal and can be considered as rigid body motion relative to the joint. Since 1/4 of the structure 
exhibits rotational symmetry, when the structure rotates by a small angle δ, the angular deformations at J2 and J1 are consistent, specifically δ1 and δ2, 
respectively. 

δ1 = δ2 =

∫

κds (C4) 

where κ is the curvature at the joint and ds is the infinitesimal arc length of the deformation segment at the joint. Since the elastic deformation segment 
s of the cementitious material is very small and the two joints (J2 and J1) have the same geometry, s and κ can be considered constant at the joint. 

δ1 = δ2 = κs (C5) 

The two joints (J2 and J1) have the same moment of inertia due to their identical geometries. 

I=
th3

12
(C6) 

Based on the relationship between bending moment and curvature, the following can be inferred: 
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M1 =M2 = EIκ (C7) 

Then, the edge stress on the tensile side of joint J1 can be expressed as: 

σ1 =
M1

I
*
h
2
−

F1y

th
(C8) 

Then, the edge stress on the tensile side of joint J2 can be expressed as: 

σ2 =
M2

I
*
h
2
+

F2x

th
(C9) 

It is worth noting that the pressure F5y on joint J5 is related to its frictional force F5x by the following equation: 

F5x = μF5y (C10) 

where μ is the coefficient of friction.
Finally, by combining Eqs. C1, C2, C6, C7, C8, and C9, the following result can be obtained: 

σ1 =

(
6M1 − hF5y

)

th2 (C11) 

σ2 =

(
6M1 + μhF5y

)

th2 (C12) 

From this, it can be seen from Eqs. C11 and C12 that σ2 is greater than σ1, meaning that the top joint J2 reaches the yield stress and enters the plastic 
stage before the left joint J1. According to the tensile constitutive behavior of the reference mixture, the joint deformation increases after reaching 
yield stress and the stress starts to decrease, follow by crack initiation and growth. In contrast, crack in the left joint J1 develops more slowly. 
Considering the symmetry of the structure, the left and right joints (J1, J3) have a slower crack development compared to that in the top and bottom 
joints (J2, J4).

Appendix D. Optical microscope images of fiber bridging behavior for ACCCs

As shown in Fig. D1, a digital optical microscope was utilized to investigate the fiber bridging and pull-out behaviors at crack locations within the 
joints between neighboring holes in ACCC specimens with the three mixtures after cyclic loading. It can be found that the reference (SS) exhibited a 
single, wide primary crack in the joint, with significant fiber pull-out, twisting, and fracturing at the ends [16]. The primary crack is triangular in shape 
with a significantly large opening, and its crack tip extends directly to the opposite end. Consequently, it demonstrated the weakest bridging capability 
and relatively poor recoverable deformation elasticity. Nevertheless, ACCCs with SHCC mixtures display reduced primary crack openings by redis-
tributing deformation across multiple adjacent cracks. As primary cracks develop, their paths change due to fiber bridging and crack merging, 
resulting in non-angular shapes. The crack tips do not reach the opposite end, leaving some areas intact. Consequently, ACCCs with SHCC mixtures 
demonstrate improved fiber bridging capability and notable recoverable deformation elasticity. ACCCs made from SHCC-SS show limited fiber 
bridging within the crack region and fiber breakage near the crack opening due to the sudden failure of the SHCC-SS mixture after reaching its tensile 
strain capacity (measured in uniaxial tension tests). In contrast, ACCCs using the SHCC-LS mixture exhibit strong fiber bridging within the crack region 
and fiber pull-out in fewer areas near the crack opening. The SHCC-LS mixture, after reaching its tensile strain capacity, maintains ductility through 
extended softening enabled by fiber bridging. This explains the higher recoverable deformation elasticity of ACCCs using the SHCC-LS mixture 
compared to those using the SHCC-SS mixture. 
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Fig. D1. Optical microscope images of fiber bridging behaviors for ACCCs

Appendix E. Test results of modified P1-shaped ACCCs with increased joint thickness

To validate the advantages of the material proposed in this study, we fabricated and tested another cell type of ACCCs (P1-thick), which features an 
increased joint thickness based on modifications to the P1-shaped ACCC design shown in Fig. E1. The dimensions of this ACCC shape and the 
experimental setup for uniaxial compression testing are provided in Fig. E1a and Fig. E1b, respectively. Its thickness in the out-of-plane direction 
remains 20 mm, the same as that of P1. The increased joint thickness of the P1-thick ACCCs requires a higher fiber-bridging capacity in the 
cementitious matrix. Fig. E1c displays the stress-strain curves under uniaxial compression for different mixtures. Similarly, ACCCs made from SHCC 
show superior load-bearing capacity within the high auxetic behavior range under uniaxial compression compared to the reference (SS). In our ex-
periments, only one of the three SS specimens exhibited auxetic behavior, while the other two split under compression. This is because the fiber- 
bridging capacity of SS does not consistently provide sufficient crack resistance to support section rotation in the thick joints. SS-based ACCCs are 
more susceptible to additional factors such as manual casting uncertainties, the heterogeneity of cementitious materials, and loading boundary 
conditions (e.g., friction at the contact surface of specimen-loading plate). In contrast, SHCC-based ACCCs maintain stable auxetic behavior within the 
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high auxetic behavior range under compression. The susceptibility of SS-based ACCCs to splitting due to these additional factors was also observed in 
cyclic tests. Fig. E2 illustrates the cyclic behavior of the P1-thick ACCC. Similarly, compared to the reference, ACCCs made from SHCC-LS and SHCC-SS 
exhibit higher elastic moduli for recoverable deformation. Specially, SHCC-LS demonstrates greater recoverable deformation elasticity than SHCC-SS 
due to its extended softening, which improves fiber-bridging within the primary cracks in the joints of the P1-thick ACCCs.

Fig. E1. P1-thick ACCCs, (a) dimensions, (b) experimental setup under uniaxial compression, (c) stress-strain curve under uniaxial compression using 
different mixtures.
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Fig. E2. Cyclic behavior of P1-thick ACCCs, (a) reference (SS), (b) SHCC-LS, (b) SHCC-SS.

Appendix F. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cemconcomp.2025.106069.

Data availability

Data will be made available on request.
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[17] Y. Xu, B. Šavija, 3D auxetic cementitious-polymeric composite structure with 
compressive strain-hardening behavior, Eng. Struct. 294 (2023) 116734, https:// 
doi.org/10.1016/j.engstruct.2023.116734.
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