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Towards understanding deformation and fracture in cementitious lattice 
materials: Insights from multiscale experiments and simulations 

Yading Xu *, Yidong Gan , Ze Chang , Zhi Wan , Erik Schlangen , Branko Šavija 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, The Netherlands   
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A B S T R A C T   

Tailoring lattice structures is a commonly used method to develop lattice materials with desired mechanical 
properties. However, for cementitious lattice materials, besides the macroscopic lattice structure, the multi-phase 
microstructure of cement paste may have substantial impact on the mechanical responses. Therefore, this work 
proposes a multi-scale numerical modelling method to simulate the deformation and fracture behavior of 
cementitious lattice materials, such that the influence of cement paste microstructure can be properly captured. 
On the microscale, the load–displacement response of cement paste is numerically simulated then experimentally 
validated. In order to rationally investigate the role of cement paste microstructure, the obtained 
load–displacement response was then formulated to several types of model inputs reflecting different degree of 
brittleness. These inputs were then used for simulating the mechanical response of macroscale cementitious 
lattices. By comparing the simulation to experiment, multi-linear behavior (ML) was found to an appropriate 
method to include the realistic pre-critical cracking and post-peak softening of cement paste in the model. 
Compared to ideally brittle behavior, using ML as input, the discrepancy between simulated and experimentally 
tested fracture energy decreases from 37.4% to 12.4%. In addition, the influence of lattice structure on the 
strength of cementitious lattices was also accurately captured by the proposed model. Randomized cementitious 
lattice has 21.6% (22.0% from simulation) lower strength than regular lattice. Moreover, the influence of 
fracture criterion of the proposed model is discussed and elaborated. Owning to the high simulation accuracy, the 
proposed multi-scale method in this work could be helpful for tailoring the fracture cementitious lattice materials 
for future studies.   

1. Introduction 

Lattice materials have been widely used in many engineering ap-
plications, for instance energy absorption [1–3], sound or thermal 
insulation [4–6], and catalyst support [7,8]. Over the past decades, 
numerous types of lattice materials have been created, mainly focusing 
on using ceramics [9,10], metals [11–14] and polymers [15,16] as the 
constituent material. In a sharp comparison, although being the most 
used construction materials, cementitious materials have not attracted 
enough attention until the most recent years. 

3D printing is a commonly used technique to manufacture lattice 
materials [17–19]. Recently, there has been a rapid development in 3D 
printing of cementitious materials [20–23]. And gradually, the study of 
cementitious lattice materials started to attract research interest. The 
highly porous structure of lattice materials results in significantly lower 
weight comparing to conventional continuum cementitious materials at 

the same volume. This feature may give cementitious lattice materials 
very good thermal insulation properties, similar to the widely used 
cementitious insulation material: foam concrete. Normally, properties of 
foam concrete are mainly dictated by the pore structure, which is 
determined by cementitious mixture proportion. In comparison, besides 
designing the mixture proportion there is one more dimension of 
freedom to design cementitious lattice materials by independently 
designing the lattice structure. Using 3D printing techniques, several 
studies have already focused on cementitious lattice materials. Aghdasi 
[24] used a octet type lattice structure to make lightweight cementitious 
lattice materials. It was indicated by [24] that, when ultra-high per-
formance fiber reinforced concrete was used as the constituent material, 
the prepared cementitious octet lattice has higher compressive strength 
than foam concrete with similar porosity. The compressive behavior of 
octet cementitious lattices was also investigated by [25], in which the 
tensile resistance of the constituent cementitious material was found to 
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play a critical role in determining the compressive strength. 
In other studies, [26–28], although not the same lattice structure, 

tensile stress concentration which led to further cracking was also found 
to be present on the compressed cementitious lattice materials. This is 
expected in cementitious lattice materials, due to the quasi-brittleness of 
the cementitious constituent material. Unlike metals or polymers, the 
quasi-brittleness makes cementitious materials prone to cracking under 
tensile stress; in other words, cementitious lattice materials are more 
defect sensitive. Therefore, in order to study the damage mechanism of 
cementitious lattices, it is very important to consider the quasi- 
brittleness induced by the constituent material. In principle, the quasi- 
brittleness of cementitious materials is induced by the multiple-phase 
nature of hardened cementitious matrix. Due to the difference in 
chemical and physical properties of these phases, such as hydrates, 
anhydrous particles, pores, and air voids, cementitious materials show 
quasi-brittle fracture behavior. In this sense, reflecting the influence of 
these compositions would provide in-depth understanding of the frac-
ture behavior of cementitious lattice materials. 

In addition to experimental methods, numerical models have been 
found to be efficient tools to understand mechanical properties of 
cementitious materials. The lattice type model [29,30] might be a 
proper tool for simulating the deformation and fracture behavior of 
cementitious lattice materials. First of all, according to [29,30] the lat-
tice model is able to accurately simulate the deformation and fracture 
behavior of cementitious materials based on a microstructure-informed 
approach. As reported in [29], the heterogeneity induced by the 
multiple-phase microstructure of cementitious materials can be pre-
cisely modelled by the lattice model. Moreover, the lattice model may 
generate a mesh identical to the lattice structure of cementitious lattice 
materials. This ability not only mitigate potential mesh sensitivity 
problems which may exist in other type of finite element models, but 
also provides detailed information of the mechanical response of each 
individual lattice element. Therefore, the lattice model is adopted here 
to study the cementitious lattice materials. 

In general, this work proposes a multi-scale modeling method to 
investigate the deformation and fracture behavior of cementitious lat-
tice materials. The lattice model is used to simulate the global tensile 
fracture process of the cementitious lattices, and local mechanical 
properties of individual strut elements of the cementitious lattices. With 
the aid of 3D printing technique, triangular cementitious lattices are 
prepared and tested under uniaxial tension to validate the proposed 
method. Based on the experimental and numerical results, a funda-
mental analysis regarding the role of cement paste microstructure on the 
deformation and fracture behavior of the cementitious lattice materials 

is performed. 

2. Methods and materials 

2.1. Multiscale approach 

To provide in-depth knowledge of the deformation and fracture 
behavior of cementitious lattice materials, a combined experimental and 
numerical multiscale approach, which was proposed by Qian [29] (from 
microscale to macroscale) based on the Delft lattice model is adopted 
here. Schematics of this approach is shown in Fig. 1. The global me-
chanical response of lattice materials is highly dependent on the me-
chanical properties of the lattice structure, lattice elements, and the 
local properties of the constituent material. Therefore, for the studied 
cementitious lattices, the investigation is also performed on different 
length-scales, ranging from macroscale global mechanical response of 
the cementitious lattice material to microscale local properties of 
hardened cement paste. 

On the macroscale, the deformation and fracture behavior of 
cementitious lattices under uniaxial tension are experimentally and 
numerically investigated. For cementitious lattice materials, random-
ized lattice structure may impact the mechanical performance on the 
macroscale. Therefore, a regular and a randomized lattice structures 
were used to comparatively study the influence of heterogeneity caused 
by the lattice structure. Specifically, two triangular cementitious lattices 
(regular and randomized) are generated, prepared, and tested under 
uniaxial tension. Schematics of generating the two designed cementi-
tious lattices is shown in Fig. 2. Layer-wise staggered prismatic grids are 
used to discretize the two-dimensional domain. The vertexes of each 
grid are aligned on the midpoint of the edge on the previous and the next 
layer of grids. The length (l) of each grid is 6.0 mm and the height (h) of 
each grid equals to √3/2*l. Then, a sub-cell is generated in each grid. 
The length (R*l) and height (R*h) of the sub-cell is proportional to the 
grid. The length ratio R of the sub-cell to the grid is defined as the 
randomness of the cementitious lattices. A node is placed in each sub- 
cell and the struts are generated by connecting nodes in adjacent cells 
forming a triangular lattice network. 

It is worth to be noted that, restricted by inevitable features of 
cementitious material (to be specific, the shrinkage induced by cement 
hydration or drying and low tensile/bending strength), dimensions of 
the prepared specimen are limited. A very large planar plate may result 
in considerable warping of specimens due to the shrinkage. Therefore, 
the dimensions of the cementitious lattices are designed as follows (see 
Fig. 2): the struts of the formed lattice networks are rectangular section 

Fig. 1. Schematics of the multiscale approach for studying fracture behavior of cementitious lattices.  
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beams with a dimension of 1 × 5 mm (height × depth). The total length, 
height and thickness of the cementitious lattices are 115 × 53 × 5 mm, 
respectively. A notch is made by removing 3 × 2 (x axis × y axis) layers 
of grids on one side of the lattices. Two types of lattices are designed, 
regular (R0) and randomized (R5). For R = 0, the length and height ratio 
of the sub-cell to the grid equals to 0 and the node is placed at the very 
center of the sub-cell and the generated lattice network (denoted as R0) 
is constituted by equilateral triangles; for R = 5, the node is placed at a 
random location within the sub-cell and the generated lattice network 
(denoted as R5) is constituted by stochastic triangles. 

A so-called “in-direct” 3D printing process is used the prepare the 
cementitious lattices (the sample preparation process is described in 
Section 2.2), and experimental study is performed using the prepared 
specimens. Afterwards, numerical models with identical lattice struc-
tures are generated to model the deformation and fracture process. In 
order to obtain input parameters for the numerical model, the me-
chanical response of lattice element struts is experimentally studied on a 
lower scale. 

On the mesoscale, miniature dog bone shape specimens are used to 
determine the tensile strength of the cementitious struts by the Micro 
Tension-Compression Testing stage (Fig. 3). It needs to be noted that as 
cementitious materials have significant size effect, to validate the 
simulated strength, it is necessary to use specimens with the same or at 
least similar size such that the potential influence of size effect can be 
ignored. The middle part of the dog bone shape specimens is designed to 
have the same dimension as a single lattice strut used in the macroscale 
lattice structures. The strain is needed to obtain the E-modulus of the 
cement struts which will be further used as input for macroscale simu-
lation. However, with the equipment shown in Fig. 3, it is extremely 
difficult to precisely measure the strain on the small-scale dog bone 
specimens. Alternatively, the simulated E-modulus from a lower scale 
(microscale) is adopted for the lattice struts. 

On the microscale, the microstructure of hardened cement paste 
dictates the mechanical properties. In this sense, a micro-structure 
informed numerical model is used to simulate the tensile stress–strain 
response of the cementitious struts which forms the macroscale 
cementitious lattices. The simulated strength is validated by the 
measured strength of the struts on the mesoscale. As mentioned above, 
the simulated elastic modulus cannot be validated through mesoscale 
experimental result because the difficulty of accurately measuring the 
strain. However, the simulated elastic modulus can be validated by the 
macroscale experiment and compared to literature data. This is dis-
cussed in detail in Section 2.4.2. 

2.2. Specimen preparation 

In total, two series of specimens were prepared: cementitious lattice 
specimens (Fig. 5a) with two different lattice structures to study the 
global fracture behavior; dog bone shape specimens (Fig. 5b) to obtain 
tensile strength of the cementitious struts on the mesoscale and the 
micro-structure of the hardened cement paste which was obtained by CT 
scan. Dimensions of the dog bone specimen is shown in Fig. 5c. 

The specimen preparation method was the same as described in [31]. 
The procedures are as follows, see Fig. 4:  

• A commercial 3D printer (Ultimaker 2 + ) was used to print the 
geometries of the specimens using acrylonitrile butadiene styrene 
(ABS) as the printing material. The printed mass of ABS for R0 and 
R5 was 21.3 g and 21.0 g, respectively. 

Fig. 2. Schematics of generating macroscale cementitious lattice.  

Fig. 3. Micro Tension-Compression Testing stage.  
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• The printed structures were glued in a cardboard box. A two- 
component silicone rubber (Poly-Sil PS 8510) (1:1 by weight) was 
then vacuum impregnated into the cardboard box (vacuum was kept 
for 1 min to remove air bubbles). The silicone rubber was left to 
harden for 2 h in room temperature.  

• The hardened silicone rubber was detached from the printed ABS 
structure, resulting in a mold for creating specimens. These silicone 
rubber molds are easy to demold and durable enough for reuse.  

• Cement pastes with 0.3 w/c (CEM I 42.5 N) were used for casting all 
specimens. The mix proportion is listed in Table 1. During the mixing 
process, a Hobart machine was used. All ingredients (cement, water 
and superplasticizer) were weighted and added to the mixing bowl 
and then mixed for 4 min. Afterwards, the freshly mixed cement 
paste was casted into the prepared molds followed by 30 s vibration.  

• After 2 days, the specimens were demolded and then cured in water 
until the age of 14 days. 

2.3. Mechanical tests 

One hour before testing, the cementitious lattice specimens were 
surface dried by wiping off water on the specimen surface, painted with 
white acrylic paint and then sprayed with red dots on the surface in 
order to enable performing a digital image correlation (DIC) analysis. 
Uniaxial tensile tests were performed on the cementitious lattices by a 
hydraulic press INSTRON 8872 with displacement-controlled loading 
method. As shown in Fig. 6, the displacement is measured and controlled 
by linear variable differential transducers (LVDTs) at a loading rate of 
0.010 μm/s. A schematics of the uniaxial tension test set-up for macro-
scopic cementitious lattices is shown in Fig. 6. An extremely low loading 
rate is used here to ensure post-peak behavior of the cementitious lattice 
can be captured. Uniaxial tensile tests were also performed on the dog 
bone shape specimens using the Micro Tension-Compression testing 
stage (shown in Fig. 3) by a displacement-controlled loading rate of 0.10 
μm/s, to obtain the tensile strength of the cement paste on the lattice 
strut scale. The loading rate of the dog bone shape specimens is faster 

than the cementitious lattices, but still within the quasi-static regime. 
Therefore, it is assumed that the influence of the loading rate is 
negligible. 

2.4. Numerical simulations 

A lattice model was used to perform numerical simulations based on 
the multiscale simulation framework proposed in [29]. The simulations 
were performed on two different length-scales: the microscale and the 
macroscale. As two-dimensional triangular lattice patterns were used to 
make the cementitious lattice, on both investigated scales, the simula-
tions were also performed using the two-dimensional lattice model. 

2.4.1. Theory back ground of the lattice model 
As shown in Fig. 7a, in the lattice model a mesh consisting beam 

elements is used. On the microscale, the mesh is used to discretize a 
material continuum, namely the cement paste. On the macroscale, the 
mesh is used to identically represent the triangular lattice structure. The 
beam elements in the lattice model transfer normal force, shear force 
and bending moment (see Fig. 7b). Although only 2D triangular patterns 
were used in this work, spatial 3D beam element is still used in the 
model. This is consistent with the experimental specimens. Each node of 
the element has six degrees of freedom: three transitional and three 
rotational. Detail description of the element stiffness matrix can be 
found in [29]. To simulate fracture, a prescribed displacement is 
imposed on the mesh, and a set of linear elastic equations are solved. A 
fracture criterion (discussed in detail in section 3.3) is given to the lattice 
element. Base on the fracture criterion, in each step, one element is 
moved from the lattice mesh such that the fracture process of the lattice 
mesh is simulated. 

2.4.2. Microstructure segmentation 
On the microscale, for a given type of cementitious material, the 

micro-structure is a determinative factor for the mechanical properties. 
It has been shown by recent studies [32,33] that including the micro- 
structure of cementitious materials in the simulations results in real-
istic simulated stress–strain response of hardened cementitious mate-
rials. In this study, X-ray computational tomography (xCT) was used to 
obtain the microstructure of hardened cement paste using the dog bone 
specimen before mechanical test. Grey scale value (GSV) images were 
obtained from the CT scan at a resolution of 5 μm per voxel. Four phases 

Fig. 4. Specimen preparation procedures.  

Table 1 
Mix proportion of cement paste.  

CEMI 42.5 N [g/L] Water [g/L] w/c Superplasticizer (Glenium 51) [g/L]  

1616.0  484.8  0.30  2.4  
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were segmented according to the GSV by the method proposed in 
[30,34,35]: pores (P), high-density hydrates (H), low-density hydrates 
(L) and anhydrous cement particles (A). It needs to be noticed, the di-
vision of H and L is also based on density, or in other words “porosity”. 
This “porosity” refers to the nanoscale gel pores which does not influ-
ence the segmentation of the pore phase (P). The pore phase (P) was first 
segmented by a threshold (T1) using the inflection point of the cumu-
lative distribution curve (Fig. 8). Afterwards, anhydrates were 
segmented using a threshold (T3) where the derivative of the pixel count 
curve is approaching zero. After T3 was determined, the degree of hy-
dration (α) was calculated and an average of 0.61 was obtained. The 
degree of hydration can be calculated by the following equation [32]: 

α =
VHP

δV VAH + VHP
(1) 

where, VHP is the volume of hydrates; δV is a constant determined by 
cement compositions which is typically 2.2;VAH is the volume of 
anhydrates. 

At last, the volumetric ratio of low-density hydrates (VL) to high- 
density hydrates (VH) was determined. According to the results re-
ported in [36], the ratio of VL to VH is directly related to the degree of 
hydration. For cement paste with a w/c = 0.3, the volumetric ratio VL/ 
VH is within a relatively narrow range between 0.65 and 0.81, as long as 
the degree of hydration α exceeds 0.4 [36]. Therefore, 0.75 is assumed as 
the overall VL/VH value within all tested images thus a fixed T2 was 
obtained. In total, four phases were segmented, details are given in 
section 3. 

2.4.3. Lattice network generation 
On the macroscale, the lattice networks were kept identical to the 

lattice structure of the experimental specimens (R0 and R5, 
respectively). 

On the microscale, lattice networks were generated based on the 
segmented GSV images from X-ray tomography images. A domain 
covering 200 × 800 pixels on the GSV picture was first generated. A 
node was placed in the center of each pixel (except the pore phase) and 
lattice elements were generated by connecting adjacent nodes forming a 
triangular lattice network. The heterogeneity of the hardened cement 
paste was introduced to the generated lattice network by mapping local 
mechanical properties of these segmented phases according to their GSV 
values. Therefore, in total of six types of elements were generated. El-
ements with both nodes locating in the pixels of the same phase were 
assigned with mechanical properties of the corresponding phase. Ele-
ments with nodes located in the pixels of two different phases were 
identified as interface elements between the two phases, and they were 
assigned with arithmetic averaged mechanical properties of the two 
corresponding phases. The schematics of generating lattice network 
based on the GSV pictures is shown in Fig. 9. 

2.4.4. Lattice fracture modeling 
After the lattice network was generated, mechanical properties of 

each segmented phase were assigned to the corresponding phase. Then, 
a set of linear elastic analyses was performed under a uniform prescribed 
displacement imposed on the right-side boundary of the generated lat-
tice system, while the left-side boundary was clamped (Fig. 1 left). El-
ements on the boundary layers were prohibited from failure in order to 
maintain the path of force transferring. In each step the stress on each 
element was calculated, and one element is removed from the lattice 
system as long as it violates the fracture criterion. The fracture criterion 
of the model is discussed in detail in section 3.3. 

On the microscale, as each element represents a relatively small re-
gion of material (5 μm), it was not possible to experimentally detect the 
softening behavior of the phases in hardened cement paste. Similar to 
many other studies [37–39], the mechanical behavior of these phases on 
this scale is assumed as linear-elastic perfectly brittle, namely the stress 
linearly increases with strain before tensile strength and no strain 

(a)

(b)

(c)

Fig. 5. Prepared a) cementitious lattice specimen with different randomness, 
painted in white, b) dog bone shape mesoscale specimen, c) dimensions of the 
dog bone specimen. 
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Fig. 6. Schematics of uniaxial tension test set-up for macroscopic cementitious lattices.  

)b()a(

Fig. 7. Schematics of a) triangular lattice mesh consists beam elements; b) forces and deformation on a single element.  

Fig. 8. Phase segmentation based on grey scale value histogram.  
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softening is present after the peak load. Input mechanical properties of 
the segmented phases are based on the previous studies of the authors 
and listed in Table 2. The E-modulus and tensile strength of the low- 
density hydrates (L), high-density hydrates (H) and anhydrates (A) 
were adopted according to the curing time, referring to literatures 
[30,37] in which the mechanical properties of these phases were tested 
on a scale similar to this study. 

The results from microscale simulations were used as the struts input 
properties for the macroscale modelling of the cementitious lattices. It 
was indicated in [15] that the local pre-critical cracking (the stress–-
strain branch between elastic stage and peak strength) or softening 
behavior of polymeric lattice struts in numerical models have significant 
impact on the fracture behavior of lattice materials. For the lattices in 
this work, the cementitious struts may also exhibit local pre-critical 
cracking and softening because of the heterogeneous microstructure of 
hardened cement paste. Therefore, in order to investigate the influence 

of microscale heterogeneity, three types of constitutive behaviors were 
used as the struts input properties based on the struts stress–strain 
response obtained from microscale simulations. These three types of 
constitutive behavior represent gradually increased heterogeneity. 
Schematics of the three types of behavior is shown in Fig. 10:  

• Single linear (SL) behavior, which corresponds to an ideally-brittle 
response of homogeneous material, namely only the strut deforms 
elastically and fails immediately when its strength is reached. E- 
modulus corresponds to the elastic branch and strength equals to the 
tensile strength.  

• Bi-linear (BL) behavior, which indicates the strut has slightly 
increased heterogeneity comparing to the SL. Two linear pre-peak 
segments were used such that the pre-critical cracking is included.  

• Multi-linear behavior (ML), in which five linear segments were used: 
the elastic branch; the peak stress; and 70%, 40% and 20% of the 
peak stress in the post-peak regime, such that pre-critical cracking 
and softening are all included. 

In the simulation, a strut with SL behavior is immediately removed 
from the lattice system when the peak stress is reached. While struts with 
BL and SL behavior lose their strength and stiffness gradually (following 
the input constitutive behavior in steps), until eventually being removed 
from the lattice system through several analysis steps. Note that, 
considering the brittleness of cement paste, no plasticity effect is 
considered. For all three types of inputs, the linear behavior always 
discharges at zero. 

(a)

(b)

Fig. 9. Schematics of a) GSV picture from CT scan with different phases, b) generating lattice network based on the phases segmented from GSV picture, anhydrous 
cement particles (A), high-density hydrates (H), low-density hydrates (L), pores (P) and their interface phases are indicated. 

Table 2 
Input parameters of the segmented phase on the microscale, partially from 
[30,37].  

Phases E (GPa) G (GPa) ft (MPa) fc (MPa) 

L  21.6  9.0  55.0 − ft *8 
L-H  26.4  11.0  65.0 − ft *8 
H  31.2  13.0  75.0 − ft *8 
L-A  58.4  24.3  35.3 − ft *8 
H-A  63.2  26.3  36.3 − ft *8 
A  95.2  39.6  650.0 − ft *8  

Y. Xu et al.                                                                                                                                                                                                                                       
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3. Discussion 

3.1. Mechanical properties of cementitious struts 

Quasi-brittle tensile behavior is commonly seen in hardened cement 
paste, i,e, a softening branch can be found in the stress–strain response. 
As described in Section 2.4.4, to simulate the fracture behavior of the 
macroscopic cementitious lattices, a proper stress–strain response of the 
cementitious struts was needed. Limited by the experimental set-up, it 
was not possible to experimentally determine the entire stress–strain 
response (especially the softening branch) of the cementitious struts on 
the mesoscale. Therefore, it was necessary to numerically simulate the 
stress–strain response of the cementitious struts on a lower scale 
(microscale) such that the stress–strain response of the struts can be 
obtained. 

On the microscale, hardened cement paste is typically seen as het-
erogeneous due to the complex chemical composition of different phases 
and their spatial distribution. In this sense, it is important to properly 
segment the microstructure of hardened cement paste. Using the GSV 
based method, different phases were segmented. For the studied cases, 
in total 20 GSV images were used, and a volumetric ratio of the 
segmented phases in these specimens is shown in Fig. 11. On average, 
the degree of hydration of these specimens is 0.61 ± 0.04 and the ratio 
of the low-density hydrates to high-density hydrates VL/VH is 0.75 ±
0.16. These values are consistent with the results in the literature 
[32,36,40,41], which ensures the accuracy of the simulations later. 
Comparison of a GSV picture and the segmented phases is shown in 
Fig. 1. 

Typical simulated stress–strain responses of the lattice struts are 

shown in Fig. 12, for conciseness only 10 results are shown. After the 
elastic stage, the strut did not fracture immediately, so, a short pre- 
critical crack branch (from point “1′′ to point “2” in Fig. 12) [42] can 
be found before the tensile strength. Therefore, for the macroscopic 
cementitious lattice simulations, if the behavior of a strut is assumed to 
be pure brittle (SL), the E-modulus should be equal to the slope of the 
curve calculated at end of the elastic stage (point No.1 in Fig. 12), while 
the stress equals to the ultimate tensile fracture strength (point No.2 in 
Fig. 12) of the strut (see Fig. 10a). 

As describe before, the strength of the cementitious struts was 
experimentally measured. A comparison between the simulated and 
experimentally measured tensile strength of the struts is shown in 
Fig. 13. The microscale simulation results agree with the experiments 
well, not only in terms of the average strength, but also in terms of the 
standard deviation induced by the high heterogeneity of microscopic 
cement paste. In this sense, the microscale simulations can be considered 
as experimentally validated. 

The large deviations observed both from experiment and simulation 
indicate that the heterogeneity of the lattice struts should not be 
neglected when studying the macroscale cementitious lattices. There-
fore, to properly simulate the mechanical response of the macroscale 
cementitious lattices, using the average value as the input for the struts 
in the macroscale lattices is not the best choice. Instead, using randomly 
selected values (obtained from microscale simulations) allows consid-
ering the influence of microscale heterogeneity on the mechanical 
response of macroscopic cementitious lattices. 

After reaching the tensile strength (No.2 in Fig. 2), as expected, the 
struts show an obvious tensile softening behavior. Correspondingly, a 
tortuous crack pattern can be observed during the fracture process of the 

Fig. 10. Schematics of stress–strain curve obtained from microscale simulation and the corresponding strut input behavior for macroscale cementitious lattice.  

Fig. 11. Volumetric ratio of four segmented phase in all obtained GSV images, horizontal axis indicates image number.  
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cement struts. From the crack pattern (indicated in black in Fig. 14), it is 
clear that the pores played a critical role: cracking initiated at locations 
with high local porosity; then propagated through the weaker phase (L, 
low density hydrates); eventually a tortuous main crack was generated. 
In addition, the distributed cracks locating outside the main cracking 
plane also contributed to the overall softening behavior, therefore, an 
obvious softening branch can be found in the stress–strain curve of 
cement struts in Fig. 12. 

3.2. The role of microscale heterogeneity of cement paste 

The microscale heterogeneity is an intrinsic feature of cementitious 
materials. This is mainly determined by the multi-phase nature of 
hardened cement paste, which has already been discussed in section 3.1. 
In this work, the influence of microscale heterogeneity on the mechan-
ical properties of cementitious lattices mainly exists in the pre-critical 
cracking branch (the curve between first cracking point to the peak 

load point of each curve, see Fig. 15). Although using all the three strut 
behaviors (SL, BL and ML) as input the load–displacement response of 
cementitious lattices can be roughly captured by the simulated curves, 
the long pre-critical cracking branch can be only found on the curves 
simulated with the quasi-brittle strut behavior (BL and ML). While for 
the SL, the pre-critical cracking branch is much less visible. The exis-
tence of pre-critical branch is an important indicator of the quasi-brittle 
fracture behavior of the cementitious lattice, and this will be discussed 
in detail later. 

For the studied quasi-brittle fracture process, it can be assumed that 
the total work applied on the cementitious lattice comprises by three 
parts, as shown in Fig. 16: elastic energy (Ee), pre-critical cracking en-
ergy (Ep) and post-peak cracking energy (Ec). The fracture energy (Eg) is 
defined as the sum of the pre-critical cracking energy (Ep) and post-peak 
cracking energy (Ec). Note that within the pre-critical cracking branch 
and the post-peak branch, there was also some energy dissipated by 
sound or heat which are also included as the fracture energy here. As 
described previously, during the computing process, the lattice model 
gives load–displacement curves with true snapbacks (see Fig. 15). 
However, this was not captured in the experiment performed in this 
work, as the upper and lower boundary of the cementitious lattices were 
loaded under a constantly increasing displacement. To ensure a precise 
fracture energy calculation, the simulated load–displacement curves 
were also smoothed (see Fig. 15 the colored dash lines) such that the 
displacement of the simulated curves monotonically increases which 
corresponds to the experiment condition. 

Fig. 17 shows the total work and fracture energy of the cementitious 
lattices. If only considering the total work, it seems that the microscale 
heterogeneity doesn’t significantly influence the fracture of cementi-
tious lattices because using any of the three types of strut behavior the 
model obtained similar simulation results which show good agreement 
with experiment (the BL is only higher by 11% comparing to experi-
ment). However, solely examining the total work doesn’t properly 
reflect the real fracture behavior of the cementitious lattices. From the 
fracture energy point of view, the determinative role of the microscale 
heterogeneity can be identified. As can be seen from Fig. 17, the simu-
lated fracture energy of SL is 37.4% lower than the experiment, which is 
mainly caused by the ignorance of the pre-critical cracking and post- 

Fig. 12. Simulated stress–strain responses of the cementitious struts, for conciseness only 10 results are shown; point No.1 indicates the end of the elastic stage where 
the first lattice element is damaged; point No.2 indicates the tensile fracture strength of the strut. 

Fig. 13. Tensile strength of the cementitious strut obtained from mesoscale 
experiment (obtained from dog bone shape specimens) and simulations; stan-
dard deviation is indicated by the error bars. 
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peak softening of the cementitious struts. Increasing the heterogeneity 
by including the pre-critical cracking, the BL shows better agreement 
with experiment which is 20.7% higher than experiment value. 
Furthermore, when the post-peak softening is also considered, the ML is 
only 12.4% higher that the experiment. In this sense, the microscale 
heterogeneity crucially determines the fracture energy of cementitious 
lattices. 

Still, in general the simulated fracture energy values are on average 
higher than experiment. This was mainly caused by the lower simulated 
stiffness (see Fig. 19) of the lattices such that more energy was left when 
the elastic energy was excluded from the total work. 

3.3. Mechanical properties of cementitious lattice with varied lattice 
structure 

Now that the ML is proven to be an appropriate model input for 
macroscale simulations, it would be possible to predict the mechanical 
response of cementitious lattices with different lattice structure. As 
mentioned previously, cementitious lattice with a randomized lattice 
structure (R5) was also prepared. As can be seen from Fig. 18, in general 
using ML the simulation also shows good agreement with the 

experiment on R5. Moreover, it has been reported that the stiffness of 
triangular lattice is relatively insensitive to the nodal randomness [43]. 
Similar result is also found for the studied cementitious lattices. It can be 
seen from Fig. 19 that the simulation results show reasonable agreement 
with the experiment, both for R0 and R5. No significant difference be-
tween the stiffness of regular lattice (R0) and randomized lattice (R5) 
can be observed from the experimentally and numerically obtained re-
sults. It’s worth noticing that, for both R0 and R5, the simulated stiffness 
values are lower than the experimental values. This is possibly caused by 
the so-called “joint stiffening” effect. As shown in Fig. 20, the joints 
between the lattice struts in experiment also account for a certain 
amount of material. Besides the elements, this joints also bears load and 
contribute to the global stiffness of the cementitious lattice [44,45]. In 
contrast, in the simulations, the lattice elements were only connected at 
the node. The numerical node can be regarded as a point without vol-
ume, therefore, don’t bear extra load as the joint do. For further studies, 
this “joint stiffening” effect may be compensated by increasing the size 
of elemental cross section. 

Comparing to the stiffness, the tensile strength of cementitious lat-
tices is found to be more sensitive to lattice structure. Fig. 19 clearly 
shows that the tensile strength of the regular cementitious lattice (R0) is 

Fig. 14. Simulated crack pattern of the cementitious struts, failed elements are indicated in black; anhydrous particles (A) are indicated in red; high-density hydrates 
(H) are indicated in pink; low-density hydrates (L) are indicated in blue; white areas are pores; the quantities of the interface elements are too small to be visible. 
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21.6% (22.0% from simulation) higher than the randomized cementi-
tious lattice (R5). Correspondingly, the simulation also captured this 
phenomenon. Furthermore, the simulated tensile strength values are 
higher than those obtained from experiments. One reason could be 
attributed to the local defects of the macroscale lattices, namely the 
sharp corners in the vicinity of the joints, as shown in Fig. 20. These 
sharp corners may introduce extra stress concentrations on the lattice 
struts thus the struts in the experiments may break before the simulated 
critical stress was reached. This extra stress, however, can’t be 
accounted for in the simulations. A similar effect introduced by the joint 
of lattice struts was also found in [15]. It was shown in Fig. 13 that the 
simulated strut strength is slightly higher than the experimental values, 
this may also contribute to the higher simulated strength of the 
cementitious lattices. 

In summary, using the ML as input, the multi-scale model also gives 
accurate simulation results when a different lattice structure (R5) is 
used. This indicates that the prosed modeling method has great potential 
to help design cementitious lattice materials with tailored mechanical 
properties. 

3.4. Discussion of the fracture criterion 

As mentioned previously, in the lattice model the fracture process is 
simulated by sequentially removing failed elements from the lattice 
system. Therefore, the breaking law (fracture criterion) of the beam 
elements need to be carefully determined to obtain more accurate 
simulation result. In previous studies [46,47], a simple fracture criterion 
was proposed, written as Eq. (2). When the effective stress σ exceeds the 

Fig. 15. Load-displacement curves of R0 obtained from experiments and simulations using different struts behavior as model input; the dashed color lines are the 
smoothed curve of the simulation results. 

Fig. 16. Energy components during fracture process of cementitious lattices.  
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tensile strength of the beam, the element will be removed from the 
lattice. 

σ =
N
As

+αM
max

(
|Mi|,

⃒
⃒Mj

⃒
⃒
)

W
(2) 

Where, N and As is the normal force and the cross-sectional area of 
the beam element; Mi and Mj are the bending moments in the nodes i and 
j of the beam element; W is the cross-sectional modulus of the beam 
element; αM is the coefficient that regulates the contribution of bending 
moment on the effective stress on the beam. The choice of αM may have 
an obvious influence on the fracture process of lattice network and it 
may vary with different lattice models. The determination of αM is, then, 
critical. According to previous studies [29,47,48], depending on the 
lattice network structure, different αM values were used, ranging from 
0 to 1. Similarly, this range is also adopted here to study the influence of 
αM. 

3.4.1. Cementitious struts 
For the simulation of the cementitious struts, the coefficient αM 

mainly influences the simulated tensile strength and crack pattern. On 
one hand, according to eq.2, αM indicates the amount of bending 
moment used to calculate element stress. When αM = 0 is adopted, the 
bending moment is completely ignored, as a result, beam elements 
would fail only if the tensile stress induced by normal force exceeds the 
tensile strength. Then, the simulated struts will show relatively higher 
strength than any other cases with αM > 0. It can be seen from Fig. 21a 
that, the simulated strength for αM = 0 is approximately 10 MPa which 
is strikingly higher than the experimentally measured cement struts 
strength (approximately 4 MPa ~ 5 MPa as indicated in Fig. 13). 
Increasing αM from 0, an increasing fraction of bending moment starts to 
be taken into consideration, consequently the simulated tensile strength 
of cementitious struts also decreases. Ultimately, when αM = 1 is used, 
both normal force and bending moment are entirely included to 

Fig. 17. Fracture energy and total work of the cementitious lattices obtained from experiment and simulations, standard deviation is indicated by the error bars.  

Fig. 18. Simulated load–displacement curves of R5 using ML as input, the simulation is repeated for three times in total.  
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calculate the tensile stress on the lattice beam elements, therefore, the 
lowest strut strength is obtained. 

On the other hand, the simulated crack pattern is also dictated by the 
parameter αM. For the numerical lattice network used in this work 
(shown in Fig. 9), it is obvious that under uniaxial tensile load horizontal 
lattice elements bear lower normal force than any other elements, 
because they are perpendicular to the loading direction. When a small 
value (for instance αM = 0 and αM = 0.05) is assigned to αM, it is the 
normal force that determines the tensile stress on the elements. As a 
result, the simulated tensile stress on these horizontal elements is the 
lowest among all elements. Then the horizontal elements are more un-
likely to fail comparing to other elements. Eventually, the main cracking 
plane formed a transverse pattern across the strut, mostly consisting 
vertical and diagonal elements (as can be seen from Fig. 21b). Increasing 
αM, the influence of bending moment on element stress starts to emerge 
and becomes more and more obvious, this means that the tensile stress 
on the horizontal elements can be higher than other elements. As a 
result, it can be found in Fig. 21b that many horizontal elements also 
failed allowing the cracking plane propagated to the diagonal direction 
when αM = 0.5 and αM = 1 is adopted. 

What has to be mentioned is that, for the cementitious struts, the 
lattice system is only used to model the mechanical behavior of cement 
paste instead of constructing the real microstructure. In the numerical 
model, a continuum material is discretized by lattice beam elements. 
This means that these elements do not physically exist but virtually 
represent the mechanical response of different phases and the interac-
tion between these phases. Therefore, the αM is only a tunable parameter 
of the lattice model not a physical constant with accurate definition. 
Then, the choice of αM only need to follow a consequential approach. For 
the used four different values, αM = 0.5 gives the best agreement with 
experiment in terms of tensile strength. So, it’s used for all simulations 
for cementitious struts. 

3.4.2. Cementitious lattices 
Different from the microscale simulations, the macroscale numerical 

lattices directly represent the experimental specimens, because of the 
numerical models and experimental specimens have identical lattice 
structure. Therefore, the coefficient αM should be chosen such that the 
stress distribution on a beam under tensile and flexural load can be 
correctly reflected, namely in theory αM = 1 should be used. However, 
as shown in Fig. 22, when αM = 1 is used the simulated load–displace-
ment responses of the cementitious lattices are obviously more brittle 
than experiments, especially for R0. This discrepancy is assumed to be 
caused by the presence of the joints connecting cementitious struts. 
Comparing to the numerical struts under the same bending moment, 
higher stress might be present on the cementitious struts during exper-
iment due to potential joint-stiffening effect. Therefore, for the macro-
scale lattice model, a smaller value needs to be given to the coefficient 
αM as a compensation of the joint-stiffening effect. 

As shown in Fig. 22, decreasing αM doesn’t significantly influence the 
strength of cementitious lattices. The influence of αM mainly exists in the 
post-peak branch of the simulated load–displacement responses. When 
αM < 0 is used, indeed the simulated load–displacement curves corre-
spond better with experiment, and the simulated curves agrees with 
experiment very well either αM = 0.05 or αM = 0 is used. Nevertheless, 
when αM = 0 is adopted, the failed elements are almost at the diagonal 
direction, and the cracking is deflected near the notch forming a 
branched main crack. This behavior obviously deviates from the DIC 
results (as shown in Fig. 23) obtained from experiment. In this sense, 
αM = 0.05 is the best choice among all these simulation cases, therefore, 
it was used for all the simulations for macroscale lattices. 

The influence of αM on the post-peak behavior is caused by the 
element orientation-dependent fracture feature of the lattice model: 
when smaller αM is used, the tensile stress on horizontal elements is also 
smaller than other elements because less bending moment is included; 
so, the horizontal elements are less likely to fail under uniaxial tension 
and it is more difficult to form a main cracking plane; therefore, less 
brittle response would be obtained. 

Similarly, the influence of αM on the post-peak behavior can be also 
found for the heterogeneous cementitious lattice R5. As can be seen from 
Fig. 23, the cracking plane observed in the experiment is rather tortuous. 
Correspondingly, a tortuous main cracking plane can also be found in 
the simulated crack pattern either αM = 0, αM = 0.05 or αM = 0.5 is 
used (see Fig. 22b). When αM = 1 is adopted, a relatively straight 
transverse main cracking plane can be observed, and correspondingly 
more brittle load–displacement response is found. While, the sharp 
difference found in R0 between αM = 0, αM = 0.05 is not visible for R5. 
This indicates that the orientation-dependent fracture behavior found in 

Fig. 19. Comparison of the stiffness and strength of the cementitious lattices with different randomness, standard deviation is indicated by the error bars.  

Fig. 20. Schematics of the comparison between connected beams in the 
experiment and simulation. 
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regular cementitious lattice is mitigated by the randomized lattice 
structure. In general, for both R0 and R5, using αM = 0.05 the simula-
tions show the best agreement with experiment. 

4. Conclusions 

In this work, a coupled experimental-and-numerical investigation 
focusing on the deformation and fracture behavior of cementitious lat-
tice materials is presented. An experimentally validated multi-scale 
modeling method is proposed to predict the mechanical response of 
cementitious lattice materials. In addition, the fracture criterion of the 
proposed multiscale lattice models is also discussed. Based on the ob-
tained results, several conclusions can be drawn as follows:  

• The proposed multi-scale lattice model is proved to be able to 
accurately simulate the fracture behavior of cementitious lattice 
materials. It is found that the using multi-linear behavior (ML) as 
input, the realistic pre-critical cracking and post-peak softening of 
cement paste can be properly considered in the model. Compared to 
ideally brittle behavior, using ML as input, the discrepancy between 

simulated and experimentally tested fracture energy decreases from 
37.4% to 12.4%.  

• Using the proposed model, the influence of randomized lattice 
structure on the mechanical properties of cementitious lattices can 
be also accurately captured. Both in experiment and simulations, the 
randomized cementitious lattice R5 exhibit similar stiffness to the 
regular cementitious lattice R0. While, the R5 has 21.6% (22.0% 
from simulation) lower tensile strength than R0.  

• The coefficient αM regulating bending moment is a critical factor of 
the lattice model. On the microscale, the αM determines the tensile 
strength of local cementitious struts. When αM = 0.5 is used, the 
simulated tensile strength shows better agreement with experiment. 
On the macroscale, the αM doesn’t have visible influence on the 
strength of cementitious lattices, however it determines the post- 
peak softening behavior and the crack pattern. When αM = 0.05 is 
adopted, the simulated softening response and crack pattern corre-
sponds with experiment very well. 

As mentioned in the introduction, cementitious lattice materials 
have so far been envisioned for use as lightweight insulation materials (i. 
e. to work as a substitute of foam concrete in an engineered way). As the 

(a)                                                                                      

(b)
Fig. 21. Simulated a) stress–strain curves of a cement strut using different coefficient αM; b) fracture pattern of the cement strut.  
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(a)

(b)

Fig. 22. Smoothed load–displacement simulation curves of macroscopic lattices using different coefficient αM values, a) R0-ML, b) R5-ML; the crack pattern of 
cementitious lattices at 30 μm displacement is indicated, failed elements are colored in red. 

Fig. 23. Crack pattern of the cementitious lattices obtained from DIC.  
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current study shows, the deformation and fracture behavior of cemen-
titious lattice materials are significantly influence by the heterogeneous 
microstructure of cement paste and macroscopic lattice structure. More 
importantly, the proposed modeling method can accurately capture this 
behavior. In this sense, with the aid of the proposed method one could 
intentionally introduce heterogeneity, for instance randomness, imper-
fections and weaknesses, or tailor lattice structure and control the extent 
of cracking depending on the requirements to tailor crack pattern and 
fracture resistance of cementitious lattices. The findings of the current 
study will provide a basis for further research in this direction. 
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