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Supplementary methods

Molecular dynamics simulation

Following the process in Ref. 1, C-S-H models employed was built according to the 

“realistic model” proposed by Pellenq et al. 2, which has been widely applied into the 

simulation of cement-based materials. First, the C-S-H model with Ca/Si of 1.3 was 

cleaved along with the [0 0 1] direction to create the C-S-H interface for polymer 

molecule absorption on the interlayer space, which was a widely used method for 

simulating the organic-inorganic interaction in C-S-H systems 3. Then, layered C-S-H 

models were built by the ordered arrangement of unit cell and several water molecules 

were filled into the space between C-S-H matrix to imitate the gel pore. Based on the 

experimentally observed layered structure, C-S-H and epoxy resin alternating structure 

were constructed to investigate the influence of varying polymer contents and layer 

thickness ratio on structural properties, mechanical performance, and fracture behavior, 

aiming to enhance the understanding of strengthening and toughening mechanisms. In 
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detail, epoxy chains were inserted between the established C-S-H layers along z-

direction, where models with 1-layer, 2-layer and 3-layer polymer, corresponding to 3-

thickness C-S-H, 2-thickness and 1-thickness C-S-H, were named CSH-L1, CSH-L2, 

and CSH-L3 (Figure S9). The calculation process is as follows. Initially, the system 

was equilibrated in the NPT ensemble at 300 K and 1 atm for 300 ps, with a step size 

of 0.5 fs. Subsequently, the uniaxial tensile simulation along X-direction was carried 

out, with a strain rate of 0.005 ps-1 and a simulation time of 240 ps. The stress and strain 

along the deformation direction were recorded for statistical analysis.

Density functional theory (DFT) calculation

The employed model was constructed by placing an epoxy resin model on 14 Å 

tobermorite (Figure S9), referred to the previous studies 4. Calculations were performed 

using CP2K software with the Quickstep code 5, 6, which provides framework for DFT 

methods using the mixed Gaussian and plane waves approaches (GPW). The 

generalized gradient approximation with Perdew Burke Ernzerhof (GGA-PBE) 7 

exchange-correlation functional was used with the Grimme D3 correction 8. The 

Goedecker-Teter-Hutter (GTH) 9, 10 pseudopotentials were employed to described the 

core electrons when the double-zeta valence polarized (DZVP) basis set with an energy-

cutoff of 600 Ry was used to depicted the valence electrons. The orbital transformation 

(OT) method was used while the convergence criterion energy was set to 10-12 Hartree 

and the target accuracy for the self-consistent field (SCF) convergence was set to 10-7 

Hartree.

Finite element method (FEM) simulation

In the simulation, due to the limitation of ABAQUS unit division and computational 

power, the structural thickness of each layer has to be increased compared to 

experimental results, and a 3D BM structure (20mm×2mm×4mm) was adopted as 

shown in Figure S11, containing staggered arrangement of bricks bonded by the thin 

layer of mortar, which was modeled as a cohesive zone. The thickness and length of C-



S-H brick is set 0.2 mm and 2 mm, respectively. Based on the intrinsic properties of C-

S-H and cement-based “brick-mortar” model from Ref. 3, 11, the C-S-H bricks with an 

isotropic bulk modulus of 20 GPa, a Poisson’s ratio of 0.2 and a density of 2.39 g/cm3 

bear elastic deformation before failure. A traction-separation law was selected to 

describe the interfacial behavior of the cohesive elements 12. The rigid cylinders of the 

bottom support were fixed with a span of 12 mm and the loading was applied through 

the rigid cylinder at the top center.

Supplementary experimental data and analysis

Figure S1. Stability of C-S-H suspension with (right) and without (left) PVA 
manipulation indicating the inhibited agglomeration of C-S-H

Supplementary note 1

The morphology of long-range oriented C-S-H structures under various polymer 

content and C-S-H concentrations exhibited distinct characteristics as shown in Figure 

S2, S3. Specifically, low polymer concentration resulted in reduced viscosity, which 

excessively accelerated ice crystal growth, thereby diminishing the effectiveness of the 

dual temperature gradient and consequently leading to insufficient alignment of the ice 

crystals. As the polymer concentration increased, the formation of interlayer bridges 

was observed with retained considerable pores and limited orientation. With the 

polymer concentration increased to 10 wt%, the temperature gradient drove stable ice 

crystal aligned growth under the marked increased viscosity, facilitating the ordered 

arrangement of C-S-H particles and yielding a highly oriented layered structure. It 

should be noted that excessively increased viscosity inhibited ice crystal growth, which 



led to C-S-H struggled to separate to form oriented arrangement, characterized by the 

microstructure without connected pores and hierarchical structure. 

While the optimal polymer concentration in the preparation of C-S-H scaffolds under 

stably ordered growth was obtained (Figure S2), the C-S-H content also significantly 

influenced the microstructure. With the increase of C-S-H concentration, the layer 

thickness increased in C-S-H scaffold and C-S-H aggregates may appear (Figure S3). 

Through the manipulation of the organic/inorganic ratio, we can achieve C-S-H 

scaffolds with different layer thickness, where the long-range ordered structure played 

a crucial role in the nacre-mimetic architecture. Bridges, waves and protrusions formed 

by densified procedure mimicked the energy dissipation and toughening mechanisms 

in natural nacre as shown in Figure S3. 

Figure S2. Different oriented C-S-H scaffolds with various PVA contents of (a) 5%, 
(b) 7%, (c) 10%, (d)13%



Figure S3. Morphologies of C-S-H scaffolds and densified C-S-H scaffolds with 
various C-S-H concentrations (a) 0.5 M, (b) 0.75 M, (c) 1.0 M

 
Figure S4. Digital photograph of macro-characterization of large-sized nacre-mimetic 

C-S-H composite



Figure S5. XPS spectrum of pure C-S-H and nacre-mimetic C-S-H samples

Figure S6. Crack deflection with pulling and bridging effects occurred in nacre-
mimetic C-S-H composite under flexural tests

Figure S7. Force-displacement curves of pure C-S-H and nacre-mimetic C-S-H 
composite under different impact velocity 



Figure S8. Initial models of MD simulations

Figure S9. Initial model of DFT calculations



Figure S10. Initial model of FEM simulations

Table S1. Data origin of Ashby plot of flexural strength, ultimate strain and 
toughness (Some of the data are roughly estimated by the stress-strain curve provided)

Natural materials / Artificial 

composites

Organic 

content 

(%)

Flexural 

strength 

(MPa)

Flexural 

strain 

(%)

Toughness 

(MJ/m3)
References

AW nacre ~5 124.2±10.3 0.32 0.192 13

Nacre ~5 98.097 0.56 0.402 14

AV nacre ~5 70 0.70 0.245 15

 C. plicata shell ~5 90-180 0.18-3.5 0.081-2.925 16

Aragonite - 57.2 0.13 0.037 13

Natural materials

Wood - 54.3 ~10 3.3941   17

Cement - 5.5-11 0.077-0.22
0.0017-

0.0097
18-21

Cement/PVA/CNT 0.1 8-10 - - 22

Cement/SBR 1-20 5-9 - - 18

Cement/Epoxy 

resin
10-20 2.1-2.8 - - 23

Cement/Rubber 2.5-10 2.3-2.4 - - 23

Fiber/polymer/na

nomaterials 

reinforced 

cementitious 

composites

Cement/PAM 0.3-5 13.5-25.7 - - 24



Cement/UHMWP

E
15-50 6.1-18.2 2.5-9.5

0.0223-

1.3916
19

Cement/UHMWP

E/fiber
~20 28.1 ~2 0.5850 19

Cement/copolyeste

r fiber
0.1 5.7 ~2 0.0305 19

Cement/PVA/SBR 0.1-0.4 3.8-4.8 - - 20

Cement/steel fiber 8-12 15.93-44.02 - - 25

Cement/PP fiber 8-12 11.13-15.73 - - 25

Cement/steel 

fiber/PP fiber
8-12 10.11-41.23 - - 25

Cement/steel fiber 0.5-2.5 3.42-7.09 1.0-1.67 0.019-0.063 26

Cement/steel fiber 0.2-1.0 4.53-8.31 0.4-1.0 0.004-0.046 27

Cement/ cellulosic 

fiber
4-16 8-12 0.7-4.6

0.0278-

0.2693
21

Cement/CNT 0.1-0.3 8.17-11.26 ~1.2
0.0376-

0.0881
28

Cement/graphite 0.1-0.3 8.49-12.31 ~1.2 0.050-0.133 28

Cement/ABS - 12-24 0.38-2.27 0.025-0.4 29

“Brick-mortar” 

cement
~1 ~0.5 ~30 0.065 30

Cement/steel/poly

meric layers
- 58.3 ~1 0.2457 31

Cement/PAM/EV

A
- 14-18 1-3 0.06-0.16 12

Nacre-inspired 

cementitious 

composites

Cement/PVC
2.55-

3.14
12-17 5-12 0.5-1.5 32



Cement/PVA - 3-7 1-35 0.04-1.47 3

Cement/Resin - 25-66 0.7-4 0.027-0.854 33

Cement/PVA/gelat

in
12-22 12-45 7-18 0.595-2.025 34

C-S-H - 2-6 ~3.3 ~0.081 35

C-S-H/SBR 5-15 9.69-12.3 0.2-0.8 0.013-0.049 36

C-S-H/SA 6.5-11.4 34.3-41.2 0.20-0.28 0.034-0.056 37

C-S-H/GO
0.66-

1.96
5-26.39 -

0.0272-

0.1222
11

C-S-H-based 

composites

Hot-pressing C-S-

H/polymers
30~70 22-124 1.36-14.93

0.1586-

5.1725
38

This work Nacre C-S-H
43.8-

65.3
42.72-68.90

20.80-

32.23
6.85-7.79 Our work

Table S2. Impact resistance comparison between the nacre-mimetic C-S-H composite 
and representative natural/artificial materials

Materials
Impact 
energy/ 

J

Impact 
velocity/ 

m·s-1

Density/ 
g·cm-3

Peak 
force/ N

Energy 
absorpti

on/ J

Specific 
peak 

force/N 
g-1 cm3

Specific 
energy 

adsorpti
on/J g-1 

cm3

Reference

Alumina 1 0.934 ≈3.99
415.39-
486.81

0.0455-
0.0511

104.10-
122.01

0.0114-
0.0128

39

Nacre-like 
ceramic 

composites
1 0.934 ≈2.8

466.38-
674.04

0.0694-
0.0796

166.56-
240.73

0.0248-
0.0284

39

Nacre-like 
ceramic 

composites
1 0.934 ≈2.8

544.68-
755.75

0.0547-
0.0865

194.53-
269.91

0.0195-
0.0309

39

Solid ceramic 30 3.65 2.4-2.9
298.70-
566.65

0.04-
0.70

103-
236.10

0.01379-
0.2917

40

Orthogonal 
polycarbonate 

30 3.65 ≈1.55
468.66-
717.17

2.70-
5.55

302.36-
462.69

1.7419-
3.5806

40



Gradient 
Bouligand 
polymethyl 

methacrylate 

30 3.65 ≈1.55
1020.22-
1323.12

3.04-
4.40

658.21-
853.63

1.9613-
2.8387

40

Gradient 
Bouligand 

thermoplastic 
poly-

urethanes 

30 3.65 ≈1.55
557.18-
650.37

4.98-
9.68

359.47-
419.59

3.2129-
6.2452

40

Gradient 
Bouligand 

polycarbonate 
30 3.65 ≈1.55

1116.37-
1597.88

4.55-
11.26

720.24-
1030.89

2.9355-
7.2645

40

Bouligand 
polycarbonate 

30 3.65 ≈1.55
805.76-
1143.61

5.25-
9.10

519.84-
737.81

3.3871-
5.8710

40

Gradient 
cement 

composites
18 3.84 ≈2.1

20315.6
~22951.

8

10.982~
17.835

9674.10-
10929.4

3

5.2295-
8.4928

33

Heterogeneous 
cement 

composites
8 2.56 ≈2.1 14728.2 7.353 7013.43 3.5014 33

Nacre-like 
glass 

composite

0.375-
13.5

1.0-6.0 2.23 150-200 0.3-2
67.26-
89.59

0.1345-
0.8969

41

Laminated 
glass 

composite

0.375-
13.5

1.0-6.0 2.23
750-
1000

0.1-2.5
336.32-
448.43

0.0448-
1.1211

41

Glass
0.375-
13.5

1.0-6.0 2.23
1000-
1500

0.1-1.7
448.43-
672.64

0.0448-
0.7623

41

Cement 1.181 0.99 ≈2 293.23 0.030 146.615 0.015 33

Bouligand 
wood

2.05 2.34 1.4 1570.7 ≈1.9
1121.92

8571
1.35714

2857
42

Nacre-like 
polyborosiloxa
ne composites

0.175-
0.7

1.0-2.0 0.65 60-285 0.1-0.6
92.31-
438.46

0.1538-
0.9231

43

Nacre-like 
ceramic 

composite
4.5 1.36 3.875

300-
1000

1.0-2.0
77.42-
258.06

0.2581-
0.5161

44

Nacre-like 
glass 

composite
1.3689 2.34 ≈1.8 - 0.5-1.6 -

0.2778-
0.8889

45

Prestress 
nacre-inspired 

polymer 
6.67 2.48 3

700-
1400

6-7.5
233.33-
466.67

2-2.5 46



composite

Traditional C-
S-H

5-30
1.93-
4.75

≈2.39
111.16-
149.21

0.23-
0.37

46.51-
62.43

0.0954-
0.1542

Our work

Nacre C-S-H 5-30
1.93-
4.75

≈0.95
209.60-
988.55

1.12-
3.56

220.63-
1040.58

1.1809-
3.7468

Our work

Table S3. Potential parameters of ClayFF

Species Charge (e) D0 (kcal/mol) R0 (Å)

Hydroxide calcium 1.050 5.0298*10-6 6.2428

Aqueous calcium ion 2.000 0.1 3.2237

Tetrahedral silicon 2.100 1.8405*10-6 3.7064

Bridge oxygen -1.050 0.1554 3.5532

Hydroxyl oxygen -0.950 0.1554 3.5532

Water oxygen -0.820 0.1554 3.5532

Water hydrogen 0.410 - -

Hydroxyl hydrogen 0.425 - -

Table S4. Potential parameters of CVFF

Species Charge (e) D0 (kJ/mol) R0 (Å)

Methyl carbon -0.300 0.163 3.8754

sp3 carbon bonded to 2H atoms -0.200 0.163 3.8754

sp3 carbon bonded to 1H atom 0.578 0.163 3.8754

Hydrogen bonded to C 0.100 0.159 2.4500

Hydrogen bonded to O 0.350 0.000 0.0000

Nitrogen -0.580 0.6987 3.5012

Table S5. Energy absorption under tension

Samples Energy absorption (MJ)

CSH 155.50

CSH-L1 195.67

CSH-L2 227.88



CSH-L3 227.95
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