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Abstract  High-strength engineered cementitious 
composites (ECC) typically require higher cement 
content, which is negative from the sustainability 
point of view. To alleviate this problem, herein a 
low-cost and eco-friendly high-strength ECC (with 
a compressive strength of over 100 MPa) was devel-
oped, and diatomite was used to replace a small 
amount of cement. An appropriate amount of diato-
mite was found to improve the compressive strength, 
tensile strength and first cracking strength of ECC, 
but at the expense of part of the strain capacity (still 
all higher than 2.9%). Furthermore, the high pozzo-
lanic activity and specific surface area of diatomite 

also increased the autogenous shrinkage, but reduced 
the drying shrinkage of ECC due to its internal cur-
ing effect. The incorporation of diatomite improved 
the pore structure of ECC, consumed more Ca(OH)2, 
and enhanced the hydration degree of the mixture. 
In the end, the economic and environmental benefits 
of diatomite-modified ECC were also evaluated, and 
the cost, non-renewable energy demand, and global 
warming potential of ECC with 3% diatomite were 
reduced compared to plain ECC by 12.9, 15.1, and 
13.3%, respectively. The developed high-strength 
ECC is therefore a low-cost and eco-friendly alterna-
tive to the traditional one.

Keywords  Diatomite · High-strength · Engineered 
cementitious composites (ECC) · Tensile properties · 
Sustainability assessment

1  Introduction

In recent decades, super high-rise buildings, sub-
marine tunnels, dams, and protection projects have 
been constructed, increasing the requirements for 
cement-based materials, including high strength, 
high ductility, and excellent durability [1, 2]. How-
ever, compressive strength and ductility are contra-
dictory requirements for cement-based materials, as 
high-strength concrete tends to be more brittle [3]. 
Therefore, low ductility and propensity to cracking 
are some of the key factors hindering the long-term 
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service of high-strength concrete. Although steel 
reinforcement is normally used to improve the duc-
tility of reinforced concrete (RC) structures, the con-
crete cover remains at risk from cracking, which may 
seriously affect the long-term service life of RC struc-
tures, especially in aggressive environments [4, 5].

To address the issue of low ductility in cementi-
tious materials, engineered cementitious composites 
(ECC) have been developed. ECCs have high ductil-
ity under tensile conditions. ECC typically contains 
a large amount of fibers and no coarse aggregates, 
allowing it to achieve high strain capacity (2‒8%), 
hundreds of times that of ordinary concrete [6]. 
Furthermore, ECCs can have a high compressive 
strength, and recent studies have shown a compres-
sive strength of 85‒167 MPa can be achieved while 
guaranteeing a tensile strain capacity of 1.2‒6.5% [7, 
8]. ECC exhibits stress-hardening and multiple-crack-
ing behavior under uniaxial tension, which is differ-
ent from the localized cracking occurring in classical 
or fiber-reinforced concrete. Furthermore, ECC is 
characterized by small cracks (usually below 100 μm 
wide) after tensile loading. Such cracks typically have 
less effect on concrete durability, and allow for a good 
self-healing capacity [9]. Therefore, high-strength 
and high-ductility ECCs may be a suitable alternative 
for existing cement-based materials, especially for 
structural reinforcement.

As one of the major contributors to man-made 
CO2, the cement industry produces about 8% of 
global CO2 emissions [10]. A ton of Portland cement 
(PC) produced contributes 0.87 ton of CO2. In ECCs, 
the cement content can reach 1126 kg/m3 due to the 
lack of coarse aggregate [11]. To reduce the environ-
mental load of ECC, replacing part of the cement with 
supplementary cementitious materials (SCMs, e.g. fly 
ash (FA), ground granulated blast slag (GGBS), and 
silica fume (SF)) is a common strategy. SCM is the 
indispensable components of ECC, and its incorpora-
tion can reduce matrix fracture toughness or improve 
the fiber dispersion degree, thereby achieving the 
excellent harden-straining performance of ECC. FA is 
the most common SCM in ECC, and its content can 
reach 1.0‒2.3 times that of cement in ECC [12]. Wu 
et  al. used 31.3% cement and 68.7% FA to prepare 
ECC, and its 28-day compressive strength can reach 
41.9 MPa, which can be used in ordinary buildings 
[13]. For high-strength ECC (HS-ECC), cement: FA: 
SF of 1:0.8:0.18 is a common mix proportion, and its 

28-day compressive strength can reach more than 80 
MPa [14]. On this basis, further reducing the cement 
content and material cost while improving its com-
pressive strength is the key to promoting its applica-
tion in large-scale projects.

Diatomite is a porous siliceous soil, and has low 
density, high porosity, and high adsorption capac-
ity. The world’s diatomite reserves are abundant (at 
least 2 billion tons), and they are mainly distributed in 
China, Denmark, the United States, and France [15]. 
Diatomite is rich in SiO2 (86‒94 wt%) [16] and has 
a small amount of clay minerals and organic matter. 
Furthermore, the porosity of diatomite is relatively 
high, which can reach 80‒90% [17]. In low-quality 
diatomite, which is mixed with calcite, clay miner-
als, and organic matter, the SiO2 content is as low as 
50%. However, even when the cost and the carbon 
emissions required to purify diatomite are considered, 
they are far lower than those associated with produc-
tion of PC [18–20]. Diatomite is a highly active SCM, 
and replacing PC with it may produce a similar effect 
to SF [21, 22]. In addition, diatomite is an economi-
cal SCM, and its average cost is only 10 USD/ton 
which is higher than that of SF (1000 USD/ton). In 
the United States, the cost of diatomite is only 9/100 
of that of a PC [20, 23]. Besides, with the implemen-
tation of sustainable development policies, the supply 
of traditional SCMs have gradually become insuffi-
cient. Therefore, using a small amount of diatomite 
instead of PC to produce an ECC mixture is practi-
cally attractive. However, diatomite has not been 
extensively studied as a SCM, especially with respect 
to application in ECCs.

Although some studies have investigated the prop-
erties of traditional cement-based materials contain-
ing diatomite, the influence mechanism of diatomite 
on the matrix fracture toughness and cohesion force 
of fiber/matrix interface is lack, which makes the 
evolution mechanism of cracking behavior for the 
ECC under tensile loading is not clear. Therefore, a 
small amount of diatomite was used to replace the 
PC to avoid an excessive decrease in the ductility 
of HS-ECC, and its mechanical properties and vol-
ume stability were investigated. Meanwhile, various 
microstructure tests were carried to comprehensively 
explain the evolution of macroscopic properties of 
HS-ECC. In addition, the cost, carbon emissions, 
and global warming potential of diatomite-modified 
HS-ECC were discussed. This study provides a new 
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effective way to solve the insufficient strength of HS-
ECC components and improves the utilization value 
of diatomite in the construction industry.

2 � Experimental program

2.1 � Materials

HS-ECC consists of cement, FA, SF, silica sand, 
fiber, diatomite, superplasticizer, and water as raw 
materials. Ordinary PC (P·O 42.5), class I FA and 
SF are adopted as binder. Due to its pozzolanic activ-
ity and filling effect, SF was adopted to increase the 
mechanical strength and toughness of HS-ECC. 
The diatomite was used to produce HS-ECC, and its 
water absorption is 1.0 g/g [24]. The chemical com-
positions of cementitious materials were analyzed 
through the X-ray Fluorescence (XRF), and their 
results are listed in Table 1. Silica sand with a particle 
size of 120‒180 μm was utilized as fine aggregate to 
enhance the packing density. Fig. S1 plots the particle 
size distributions of the raw materials. The length and 
diameter of the polyethylene (PE) fiber were 18 mm 
and 15.6 μm, respectively. The elastic modulus and 
density of the PE fiber were 147 GPa and 0.97 g/cm3, 
respectively. The polycarboxylate-based superplasti-
cizer (SP), purchased from Shanxi Qinfen Building 
Materials Co., Ltd, was used to maintain the fluidity 
of the HS-ECC mixture.

2.2 � Mix proportion

The diatomite was used to replace the same weight 
of cement, and its contents were 1, 3, and 5% (See 
Table  2). The mixture was denoted as DX, where 
the letters “D” and “X” represent diatomite and the 
substitution level of diatomite, respectively. HS-
ECC without diatomite was regarded as the control 
mixture (D0). The water/binder ratio of the mixture 
was 0.2, and the volume content of fiber was 2%, 
which is a common mix proportion [14].

2.3 � Specimen preparation

Preparation process of HS-ECC is shown in Fig. S2. 
Before the experiment, diatomite absorbed water 
under vacuum for 2 h. During the mixing process, 
the cement, FA, SF, diatomite, and sand were first 
mixed for 2 min at low speed. The water and SP 
were then added and mixing continued for 4 min at 
low speed. After the addition of fiber, the mixture 
was mixed for 4 min at low speed and then for 6 
min at high speed to ensure good fiber dispersion. 
The mixture was poured into the mold and covered 
with plastic film to prevent the water evaporation. 
The specimens were cured at 20 °C for 24 h and 
then demolded. After demolding, the samples were 
cured at a temperature of 20 ± 2 °C and relative 
humidity of 95% until the specific ages.

Table 1   Chemical 
composition of cementitious 
material (wt.%)

Type SiO2 Al2O3 CaO MgO Fe2O3 SO3 K2O TiO2 Na2O P2O5 Cr2O3 LOI

Diatomite 93.22 2.75 0.35 0.23 1.96 0.43 0.55 0.27 0.19 0.05 0.02 7.61
FA 52.4 35.3 2.61 0.73 2.81 0.47 1.42 1.61 0.67 – – 2.86
Cement 21.18 7.16 62.1 2.01 3.50 2.56 – – – – – 2.40
SF 91.60 0.36 1.13 0.60 0.08 – – – – – – 2.48

Table 2   Mix proportion of 
HS-ECC (kg/m3)

Mixture Cement Diatomite FA SF Sand Water SP Fiber 
(Vol.%)

D0 750.0 0.0 600 135 450 300 7.35 2
D1 742.5 7.5 600 135 450 300 8.17 2
D3 727.5 22.5 600 135 450 300 8.79 2
D5 712.5 37.5 600 135 450 300 9.90 2
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2.4 � Test methods

2.4.1 � Compressive strength

According to the standard GB/T 17671-1999 [25], 
cubic specimens (40 × 40 × 40 mm) were prepared 
to measure the compressive strength of HS-ECC at 
ages of 3, 7, and 28 days using a WAW-600 servo-
hydraulic testing machine. The loading rate was 2.4 
kN/s, and six specimens of each mixture were tested 
at each age.

2.4.2 � Three‑point bending

The three-point bending test was performed to evalu-
ate the fracture toughness and the elastic modulus of 
the HS-ECC matrix according to ASTM E399 [26, 
27], which were calculated by Eqs. (1‒5). The pris-
matic specimens with the size of 40 × 40 × 160 mm 
were utilized in this experiment, and the ratio of the 
notch depth to the height of the specimen at the mid-
span position was 0.4. Fig. S3 shows the schematic 
diagram of the three-point bending test, and the load-
ing rate was 0.5 mm/min.

where, Em represents the elastic modulus of the 
matrix, GPa; �m represents the compressive strength 
of the matrix, MPa; Km represents the fracture tough-
ness of the matrix, MPa·m1/2; Pc represents the peak 
load, kN; Wh0

 represents the self-weight of the spec-
imen, kN; S represents the beam span, mm; L , h , t 
represent the length, thickness, and width of the 

(1)Em = 0.83 × 2.15 × 10
4 ×

3

√

�m

10

(2)Km =
3f(�)(Pc + 0.5Wh)

√

a
0

2h2t
S

(3)Wh =
Wh0

S

L

(4)f(�) =
1.99 − �(1 − �)(2.15 − 3.93� + 2.7�2)

(1 + 2�)
√

(1 − �)3

(5)� =
a
0

h

specimen, respectively, mm; a
0
 represents the depth 

of the notch in the specimen, mm.

2.4.3 � Uniaxial tensile

Dumbbell-shaped specimens were adopted to meas-
ure the tensile properties of HS-ECC according to 
JSCE [28]. The length, width, and height of the 
dumbbell-shaped specimen were 320, 60, and 13 mm, 
respectively. The loading rate of the specimen was 0.5 
mm/min in the experiment. The length change at the 
middle position of the HS-ECC specimen is meas-
ured by two external linear variable displacement 
transducers (LVDTs). Fig. S4 shows the schematic 
diagram of the uniaxial tensile test. Eventually, the 
strain value of HS-ECC was calculated from the aver-
age measurement value of LVDTs. Besides, the aver-
age crack width of HS-ECC was defined by the ratio 
of the tensile elongation length to the crack number 
in the test location (80 mm) of the dumbbell-shaped 
specimen without loading.

2.4.4 � Volume stability

The corrugated tube method was used to measure the 
autogenous shrinkage of HS-ECC mixture accord-
ing to ASTM C 1698-09. The length and diameter 
of the corrugated tube were 420 and 30 mm, respec-
tively. When the specimen reached final setting, data 
acquisition system begined to collect the autogenous 
shrinkage value and lasted for 14 days. The measure-
ment device of the autogenous shrinkage test is drawn 
in Fig. S5a.

Three prismatic specimens with a size of 25 × 25 
× 280 mm were used to measure the drying shrink-
age of HS-ECC samples. The drying shrinkage of 
the specimens was measured at various ages until 
56 d, according to the ASTM C596-01 [29]. During 
the test, the environmental temperature and relative 
humidity of drying shrinkage were 23 ± 2 °C and 
60%, respectively. The measuring instrument is sche-
matically shown in Fig. S5(b).

2.4.5 � Microstructure

The crystal phase of the HS-ECC paste at the age of 
28 d was analyzed by the X-ray diffraction (XRD) 
test. During the sample preparation process, sam-
ples were soaked in isopropanol for 7 d to terminate 
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hydration. After drying under vacuum conditions for 
7 d, the sample was ground into powder (below 75 
μm). This XRD test was performed with an X’Pert 
PRO MPD, and the determination angle (2θ) range is 
5°‒60° with a speed of 10°/min. The derivative ther-
mogravimetric (DTG) test was performed to charac-
terize the content of hydration products of HS-ECC 
paste. About 100 mg of sample was prepared, fol-
lowing the same procedure as that for the XRD test. 
In DTG, the sample was heated from 30 to 1000 °C 
under the N2 condition with a heating rate of 10 °C/
min.

To further reveal the influence mechanism of 
diatomite content on the reaction degree of HS-ECC 
paste, the non-evaporable water content (NEWC) of 
paste was evaluated according to the DTG test, as 
shown in Eq. (6). Besides, the Ca(OH)2 (CH) content 
of paste was evaluated by Eq. (7).

(6)
W

NEWC
=

[

M
105

−M
950

M
105

−
(

fC × LOIC + fFA × LOIFA + fSF × LOISF + fD × LOID
)

]

× 100%

where, W
NEWC

 and WCH represent the NEWC and CH 
content, %; M

105
 , M

410
 , M

500
 , M

780
 and M

950
 represent 

the mass of the sample at 105, 410, 500, 780, and 950 
°C, respectively, μg. MTotal represents the unheated 
mass of the sample, μg. LOIC , LOIFA , LOISF , and 
LOID represent the loss on ignition of cement, FA, 
SF, and diatomite, respectively. fC , fFA , fSF , and fD 
represent the mass fraction of cement, FA, SF, and 
diatomite in the cementitious material, respectively.

The bonding mechanism of hydration products of 
HS-ECC paste was measured according to the Fou-
rier Transform Infra-Red (FT-IR) spectra, and the 
wave test range was between 500 and 4000 cm−1. 
The specimens were prepared following the same 
procedure as for the XRD test. Mercury Intrusion 
Porosimetery (MIP) was used to analyze the pore ​​
structure of HS-ECC paste with diatomite. Samples 
were cut into small pieces with a size of 5‒7 mm and 
then soaked in isopropanol. Before the experiment, 
the sample was dried in the vacuum dryer for 7 d. A 
scanning electron microscope (SEM) test (TESCAN 
MIRA 4) was used to study the morphology of fiber 

(7)

WCH =

(

M
410

−M
500

MTotal

×
74

18
+

M
500

−M
780

MTotal

×
74

44

)

× 100

in HS-ECC at 28 d after the tensile experiment. Sam-
ples were collected from the fracture site of specimen 
after tensile loading, and their were coated with gold 
before the SEM analyses.

2.4.6 � Environmental impact and economic benefits

Reducing the cost and environmental load of HS-
ECC is a strategy to advance its engineering appli-
cation. Based on the types of substances emitted by 
raw materials, the global warming potential (CO2-eq, 
GWP), non-renewable cumulative energy demand 
(nr-CED), photochemical ozone creation potential 
(C2H4-eq, POCP), ozone depletion potential (CFC11-
eq, ODP), nutrification potential (PO4-eq, NP), and 
acidification potential (SO2-eq, AP) parameters of the 
HS-ECC mixture were used to evaluate its environ-
mental benefits, and the cost was also used to evalu-

ate its economic benefits [30, 31]. The standardized 
eco-balance method correspond to the European 
standards EN ISO 14040 and EN ISO 14044. These 
parameters were obtained from other literature, as 
shown in Table S1.

3 � Results and discussion

3.1 � Compressive strength

Compressive strength of HS-ECC with different diat-
omite contents is shown in Fig. 1. The 28-day com-
pressive strength of all samples is 86.0‒101.7 MPa, 
all within the strength range of HS-ECC (> 80 MPa) 
[7]. Compared with the control specimen (D0), the 
28-d compressive strength of D1, D3, and D5 approx-
imately increased by 6.9, 18.3, and 10.2%, respec-
tively. At the same age, the strength of HS-ECC 
first increased and then decreased with the increase 
of diatomite content. At 28 days, the compressive 
strength of HS-ECC containing 3% diatomite reached 
the maximum value. The diatomite particles improve 
the compressive strength HS-ECC through the filling 
effect and the pozzolanic effect [31, 32]. The particle 
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size of diatomite is significantly smaller than that of 
cement and SF (See Fig.  S1). Fine diatomite parti-
cles effectively fill the internal pores of the HS-ECC 
matrix, thereby improving the pore structure of speci-
men. Meanwhile, amorphous SiO2 from diatomite 
dissolves and then reacts with CH during the curing 
process, increasing the hydration degree of HS-ECC 
system [33]. Moreover, diatomite has an internal cur-
ing effect, which promotes the hydration of cement 
particles and the pozzolanic reaction of FA/SF parti-
cles. When the diatomite content was within 3%, the 
compressive strength of HS-ECC containing diato-
mite increased with increasing the diatomite content. 
In this study, the diatomite replaced the cement with 
the same weight, thereby diluting the cement sys-
tem. When the diatomite content was 5%, the nega-
tive effect of dilution on the compressive strength of 
HS-ECC is more pronounced than the positive effects 
described above. Consequently, at the same curing 
ages (3, 7 and 28 d), the compressive strength of D5 
was lower than that of the D3 specimen. However, 
the compressive strength of HS-ECC containing 5% 
diatomite at the same age was still higher than that 
of the control sample (D0), which indicates that the 
incorporation of diatomite promotes the compressive 
strength development of the HS-ECC system.

3.2 � Fracture toughness and elastic modulus

Figure 2 shows the fracture toughness of the HS-ECC 
matrix with diatomite [34]. The fracture toughness 

of HS-ECC matrix first increases and then decreases 
with the increase of diatomite content. The increase 
in fracture toughness is detrimental to the multiple 
cracking capacity of ECC since the generation of 
new cracks requires more energy [35]. This therefore 
results in a reduction in the number of cracks under 
tensile load. The effect of diatomite content on the 
elastic modulus of the HS-ECC matrix at 28 days 
is also shown in Fig.  2. The elastic modulus of the 
D1, D3, and D5 specimens increased to 36.3, 37.4, 
and 36.6 GPa, respectively, compared to the D0 sam-
ple (35.9 GPa). With the increase in diatomite con-
tent, the elastic modulus of the HS-ECC matrix first 
increases and then decreases. Combined with the 
results of compressive strength, it was found that 
the elastic modulus of the HS-ECC matrix increased 
gradually with the increase of compressive strength, 
which is consistent with the conclusion of Zhang 
et al. [14].

3.3 � Tensile properties

The uniaxial tensile stress–strain curves of HS-ECC 
with different diatomite contents are show in Fig. 3. 
All HS-ECC specimens exhibited multiple crack-
ing characteristics and significant strain-hardening 
behavior. Their strain capacity ranged from 2.9 to 
3.9%. The tensile parameters of HS-ECC with differ-
ent diatomite contents are plotted in Fig. 4. Compared 
with first cracking strength of D0 (5.82 MPa), the 
first cracking strength of D1, D3, and D5 were 6.07, 
6.90, and 6.55 MPa, which is an increase of 4.3, 18.6, 
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and 12.5%, respectively. The first cracking strength 
of HS-ECC presents a trend to increase first and then 
decrease due to the incorporation of diatomite, which 
is usually positively correlated with the fracture 
toughness of the ECC matrix [14]. When the content 
of diatomite was 3%, the first cracking strength of 
HS-ECC reached the maximum value. In summary, 
the incorporation of diatomite can delay the occur-
rence of cracks in ECC under loading, which is ben-
eficial in practical engineering applications. With the 
increase of the diatomite content, the fracture tough-
ness of the matrix first increases and then decreases, 
so the first cracking strength also shows the same 
development trend. It should be noted, however, that 
high first-cracking strength is usually detrimental to 
the multiple-cracking behavior of ECC.

Compared with the ultimate tensile strength of the 
control specimen of D0 (9.11 MPa), the ultimate ten-
sile strength of D1, D3, and D5 specimens increased 
to 9.37, 10.09, and 9.63 MPa, which is an increase of 
2.9, 10.8, and 5.7%, respectively (See Fig.  4b). The 
ultimate tensile strength of HS-ECC first increased 
and then decreased with the increase in diatomite 
replacement ratio. Among all specimens, the D3 
specimen had the highest ultimate tensile strength. 
This may be due to the pozzolanic reaction and filling 
effect of diatomite. The pozzolanic reaction and fill-
ing effect of diatomite improved the cohesion force of 
the fiber/matrix interface. However, at higher replace-
ment levels, the excess diatomite may significantly 

dilute the cement system and thus reducing the con-
tent of hydration products in paste, which was det-
rimental to the development of the cohesion force 
of the fiber/matrix interface. Therefore, the ultimate 
tensile strength of D5 was lower than that of the D3 
sample.

Compared with the strain capacity of the reference 
mixture of D0 (3.9%), the strain capacities of D1, D3, 
and D5 decreased to 3.2, 2.9, and 2.96%, respectively 
(See Fig.  4). The strain capacity of HS-ECC first 
decreased and then increased slightly with increas-
ing the diatomite content. This may be related to the 
fracture toughness of the HS-ECC matrix. Incorpo-
rating a small amount of diatomite increased the frac-
ture toughness of the HS-ECC matrix, which reduced 
the probability to generate many cracks in HS-ECC. 
Among all specimens, the D3 sample showed the 
lowest strain capacity, however it was still about 300 
times that of ordinary concrete [36]. This indicates 
that the D3 sample still has an excellent strain harden-
ing behavior.

The number of cracks and average crack width of 
HS-ECC containing diatomite are shown in Fig. 4d. 
The number of cracks formed in D0, D1, D3, and 
D5 specimens was 47, 38, 29, and 32, which cor-
responds to the above statement that the increase in 
fracture toughness of HS-ECC matrix reduced the 
probability of the generation of cracks. Furthermore, 
the average crack width of D0, D1, D3, and D5 speci-
mens were 66, 68, 80, and 74 μm, respectively. With 
increasing the diatomite content, the crack widths in 
HS-ECC first increased and then decreased. Incorpo-
rating a small amount of diatomite tends to increase 
the crack width of HS-ECC because that fewer cracks 
occur in the crack elongation area. The increase in 
crack width raises the risk of ingress of harmful ions 
and decreases the self-healing ability of ECC [9, 37]. 
Additionally, a representative crack pattern of HS-
ECC with various diatomite contents is observed in 
Fig. S6. Although crack number of HS-ECC with 
diatomite was lower than that in the control specimen 
(D0), all HS-ECC mixtures showed the obvious mul-
tiple narrow cracks.

3.4 � Autogenous shrinkage

The influence of diatomite content on the autogenous 
shrinkage of HS-ECC is shown in Fig. 5a. The 14-d 
autogenous shrinkage values of D1, D3, and D5 
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Fig. 4   Tensile parameters of HS-ECC with various diatomite contents. (a) First cracking strength, (b) Ultimate tensile strength, (c) 
Strain capacity, and (d) Crack width and number
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Fig. 5   The shrinkage deformation of HS-ECC containing diatomite. (a) Autogenous shrinkage and (b) Drying shrinkage
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specimens were 935, 959, and 964 μm/m, which is 
6.9%, 9.6%, and 10.2% higher than that of D0 speci-
men, respectively. Therefore, the incorporation of 
diatomite leads to increasing autogenous shrinkage of 
HS-ECC. With the increase of diatomite replacement 
ratio, the autogenous shrinkage of HS-ECC increased. 
In general, autogenous shrinkage in cement-based 
materials is related to the pressure in capillary pores, 
which is mainly determined by the surface tension 
and the internal humidity of the specimen [38]. As a 
pozzolanic material, the incorporation of diatomite 
can improve the hydration degree, which reduces the 
internal humidity of the matrix. Therefore, the capil-
lary pressure of HS-ECC gradually increases with the 
increase of the diatomite replacement ratio, and the 
autogenous shrinkage gradually increases. In addi-
tion, the porous diatomite particle absorbs water, 
resulting in reducing the effective water/binder ratio. 
This also caused the increase of autogenous shrink-
age of HS-ECC paste. Compared with the improve-
ment of hydration degree and the reduction of effec-
tive water/binder ratio, the internal curing effect of 
diatomite may be insufficient to mitigate the autog-
enous shrinkage. Additionally, the finer diatomite has 
a higher specific surface area, which also exacerbates 
autogenous shrinkage. Although D5 paste exhibited 
the highest 14-day autogenous shrinkage, it was only 
10.2% higher than that of the D0 paste.

3.5 � Drying shrinkage

The development of drying shrinkage of HS-ECC 
with different diatomite contents is shown in Fig. 5b. 
Compared with the D0 sample, the 56-day drying 
shrinkage of the D1 and D3 samples was lower by 9.5 
and 18.2%, respectively. With increasing the diato-
mite content, the drying shrinkage of HS-ECC gradu-
ally reduced. Incorporating diatomite improves the 
hydration degree of cementitious materials and then 
increases the compactness of HS-ECC, which finally 
reduces the path of water evaporation in the speci-
men. Meanwhile, the filling effect of diatomite also 
increases the compactness of the specimen, thereby 
delaying the loss of water. Further, the stiffness of the 
samples increases with increasing diatomite content, 
which is also beneficial to improve the volume stabil-
ity of the specimen. In addition, internal curing effect 
of diatomite also reduces the drying shrinkage of the 
ECC. Therefore, the drying shrinkage of the D1 and 

D3 samples were lower than that of the D0 sample. 
When the diatomite content exceeded 3%, the dry-
ing shrinkage of D5 was higher than that of the refer-
ence specimen (D0). The dilution effect of diatomite 
maybe significantly decrease the hydration degree 
of paste, making its pore structure coarser, thereby 
accelerating the loss of moisture from the matrix [39].

3.6 � Microstructural analyses

3.6.1 � XRD

The XRD results of HS-ECC paste with different 
diatomite contents are shown in Fig. 6. The types of 
diffraction peaks of D0, D1, D3, and D5 pastes were 
the same, including AFt, CH, SiO2, C2S, C3S, and 
CaCO3. The peak intensity of CH of D1 was higher 
than that of the reference sample (D0), which may be 
due to the internal curing effect of diatomite. During 
the curing process, diatomite releases internal cur-
ing water to promote hydration, thereby increasing 
the CH content. As the replacement ratio of diato-
mite further increased, the peak intensity of CH of 
HS-ECC gradually decreased. During the curing pro-
cess, diatomite has the pozzolanic reaction increasing 
the amount of hydration products of HS-ECC by the 
consumption of CH. Furthermore, the incorporation 
of diatomite reduces the cement content, which also 
reduces CH content. The pozzolanic reaction and 
dilution effect of diatomite significantly reduced the 
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Fig. 6   XRD pattern of HS-ECC with various diatomite con-
tents
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CH content when the diatomite content exceeded 1%. 
Moreover, the peak of CaCO3 is found in all pastes, 
and it probably is due to the carbonation of CH dur-
ing the sample preparation process. The incorporation 
of diatomite significantly increased the SiO2 content. 
Incorporating diatomite also resulted in a reduction in 
the unhydrated phase (C2S and C3S) content, which 
is related to the reduction in cement content and the 
internal curing effect of diatomite.

3.6.2 � DTG

Four groups of samples at 28 days are subjected to 
the DTG test, including D0, D1, D3, and D5 samples 
(See Fig.  7a). In general, the peak at 80–130 °C is 
caused by the decomposition of AFt and C–S–H gels. 
The peak near 130–230 °C is caused by the dehydra-
tion of AFm. The peak at 410–500 °C occurs due to 
the decomposition of CH [40]. The peak at 500‒780 
°C mainly originates from the decomposition of 
CaCO3. Moreover, the formation of CaCO3 is due to 
the carbonization of CH during the sample prepara-
tion process.

The CH content in HS-ECC paste with different 
diatomite contents was evaluated, as shown in Fig. 7b. 
With the increase in diatomite content, the trend of 
CH content is the same as the results of the XRD test. 
The D1 sample exhibited an increase in CH content 
compared to the reference HS-ECC (D0), which is 
due to the internal curing of diatomite. However, the 
CH content was reduced when the diatomite content 

exceeded 1%, which is primarily caused by the pozzo-
lanic reactivity of diatomite. This may also be related 
to the dilution effect of diatomite, which reduces the 
hydration degree of paste. The change in NEWC can 
reflect the reaction degree of cementitious material. 
Incorporating a small amount of diatomite promoted 
the reaction of cementitious material due to the inter-
nal curing pozzolanic effects, which corresponds with 
the improvement of mechanical properties of HS-
ECC. When the diatomite content exceeded 1%, the 
NEWC of HS-ECC gradually reduced, which may be 
mainly due to the reduction of cement content.

3.6.3 � FT‑IR

The FT-IR spectrum of HS-ECC with various diato-
mite contents at 28 days is shown in Fig. 8. The main 
characteristic absorption peaks and correspond-
ing group vibrations of HS-ECC with diatomite are 
as follows. The 3645 cm−1 corresponds to the O–H 
stretching vibration peak of CH [40], and the OH 
of water vibrates at 1681 cm−1 [41]. The 871, 1421, 
and 2357 cm−1 correspond to the C–O stretching 
vibration peak of carbonate [42, 43]. The 1118 cm−1 
corresponds to the S–O stretching vibration peak of 
ettringite [44], and 970 cm−1 corresponds to the Si–O 
stretching vibration peak of the C–S–H gel.

The FT-IR patterns of HS-ECC paste with differ-
ent diatomite contents are very similar. The charac-
teristic absorption peak of the paste changes in the 
FT-IR spectrum with the incorporation of diatomite, 

100 200 300 400 500 600 700 800 900 1000

 AFt and C-S-H

AFm
CH

D5

D3

D1

D0

Temperature (℃)

(a)

CaCO3

D0 D1 D3 D5
0

2

4

6

8

10

12

Co
nt

en
t (

%
)

 CH
 NEWC

(b)

 

Fig. 7   The DTG result of HS-ECC paste with various diatomite contents at 28 d, (a) DTG curves and (b) NEWC and CH content
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which indicates that diatomite influences the hydra-
tion process of the binder. With the increase in diato-
mite content, the intensity of the absorption peak at 
3645 cm−1 first increases and then decreases. Among 
all groups, the intensity of the absorption peak at 
3645 cm−1 of D1 reached the highest value. This is 
consistent with the results of XRD and DTG analy-
ses, indicating that the internal curing effect of diato-
mite significantly improves the hydration degree and 
generates more CH when the diatomite content is 
1%. When the diatomite exceeded 1%, combining the 
pozzolanic reaction and dilution effect of diatomite 

significantly decreased the CH content of the mixture. 
The area of the transmission band from 500 to 1500 
cm−1 also first increased and then decreased with 
increasing diatomite content, which indicates that dif-
ferent amorphous phases were formed. Unfortunately, 
this could only be analyzed qualitatively since the 
device was not able to detect infrared absorption in 
the low wavenumber range.

3.6.4 � MIP

Pores can be classified into more-harmful pores (> 
200 nm), harmful pores (50‒200 nm), less-harmful 
pores (20‒50 nm), and harmless pores (< 20 nm) 
[45]. The cumulative pore curves and pore size dis-
tribution of HS-ECC paste containing diatomite at 28 
days are shown in Fig. 9a and b, respectively. Com-
pared with D0, the porosity of D1, D3, and D5 speci-
mens decreased by 1.6, 18.32, and 9.72%, respec-
tively. The porosity of HS-ECC paste first decreased 
and then increased with the increase of diatomite 
content. When the content of diatomite was 3%, the 
porosity of HS-ECC was the lowest.

Incorporating diatomite refines the pore structure 
of the samples, as presented in Fig.  9b. When the 
diatomite content increased from 0 to 3%, the more-
harmful pores, harmful pores, and less-harmful pores 
of the sample gradually decreased. Meanwhile, the 
more-harmful porosity of the D5 sample was only 
32% of control sample. This implies that the use of 

Fig. 8   FT-IR spectrum of 28-d HS-ECC paste with various 
diatomite contents

Fig. 9   Pore structure of HS-ECC with various diatomite contents. (a) Cumulative porosity curves and (b) Pore size distribution
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diatomite significantly improves the compactness of 
the ECC due to the pozzolanic activity and filling 
effect of diatomite. Additionally, diatomite particles 
can play an internal curing role, thereby increasing 
the content of hydration products and improving the 
pore structure of the samples. However, it was also 
found that the porosity of D5 was higher than that of 
D3, indicating that incorporating excessive diatomite 
content decreases compactness of paste due to the 
dilution effect of diatomite.

3.6.5 � SEM

The morphology of the fiber in the HS-ECC with 
different diatomite contents after the tensile experi-
ment is shown in Fig. 10. There were different dam-
age degrees of fiber in the HS-ECC matrices with 
different diatomite contents. The damage gradually 
increased with the increase of diatomite content up to 
3%. When the diatomite content was 3%, the damage 
degree of fiber was the most serious. This is because 
the incorporation of 3% diatomite greatly improved 
the compactness of the matrix, thereby enhanc-
ing the cohesion force of the fiber/matrix interface. 

Compared with the D0, the slip of fibers in D1 and 
D3 samples require more tensile loading, and their 
damage is more serious. Moreover, the damage 
degree of fiber of the D5 sample is slightly weaker 
than that of the D3 sample, which is attributed to the 
dilution effect of diatomite.

4 � Environmental impact and economic benefits

Table 3 shows the economic and environmental ben-
efits per cubic meter of ECC mixtures without fiber. 
Generally, parameters such as GWP, nr-CED, ODP, 
NP, and POCP of ECC mixtures decreased with 
increasing diatomite content. However, the incorpo-
ration of a small amount of diatomite also increased 
the cost and AP value of the ECC mixture, which is 
mainly due to the increase in SP content caused by the 
incorporation of diatomite. With the further increase 
of diatomite content, the economic and environmental 
benefits of ECC mixtures were significantly reduced, 
which is mainly contributed by the low environmental 
and economic burden of diatomite.

Fig. 10   Morphology of 
fiber after the tensile experi-
ment. (a) D0, (b) D1, (c) 
D3, and (d) D5



Mater Struct           (2024) 57:11 	 Page 13 of 19     11 

Vol.: (0123456789)

The normalized environmental and economic ben-
efits of the ECC mixture is shown in Fig.  11. Con-
sidering that these mixtures have different mechani-
cal properties, the ratios of these indices to strength 

(28-d compressive strength and tensile strength) 
were adopted, as shown in Fig. 11b–c. With increas-
ing the diatomite content, the cost and environmental 
parameters of the ECC mixture per unit strength were 

Table 3   The economic and environmental benefits per cubic meter of ECC mixtures without fiber

Mixture GWP (kg CO2-eq) nr-CED (MJ) ODP (kg CFC11-eq) NP (kg PO4-eq) AP (kg SO2-eq) POCP (kg 
C2H4-eq)

Cost (USD)

D0 537.45 2333.96 1.37 × 10–5 0.194 0.761 0.202 246.03
D1 533.00 2333.88 1.37 × 10–5 0.193 0.763 0.202 246.23
D3 523.33 2319.15 1.36 × 10–5 0.192 0.758 0.201 245.69
D5 514.02 2311.43 1.35 × 10–5 0.191 0.758 0.201 245.60
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Fig. 11   Normalized economic and environmental benefits of ECC without fiber. (a) per cubic meter of ECC, (b) per cubic meter of 
ECC per MPa of compressive strength, and (c) per cubic meter of ECC per MPa of tensile strength



	 Mater Struct           (2024) 57:11    11   Page 14 of 19

Vol:. (1234567890)

significantly decreased. When the diatomite content 
reached 3%, the unit strength cost and environmen-
tal burden per cubic meter of ECC mixture reached 
the lowest level. In terms of cost and environmental 
benefit per unit compressive strength mixture, cost, 
nr-CED, GWP, ODP, AP, NP, and POCP of the D3 
mixture were reduced by 12.9, 15.1, 13.3, 13.1, 13.6, 
13.1, and 13.8%, respectively, relative to the reference 
ECC mixture.

Figure  12 is a radar chart of the economic and 
environmental benefits of diatomite-modified ECC 
mixtures. The incorporation of diatomite was the 
most significance for reducing the GWP of the ECC 
mixture (Fig.  12a). Due to the low substitution level 
of diatomite, the cost of diatomite-modified ECC was 
similar to that of plain ECC. For the economic and 
environmental benefits of the mixture per unit strength 
(Fig. 12b), the effect of adding diatomite was signifi-
cant because it effectively improved the mechanical 
properties of ECC. The D3 mixture had the lowest 
cost and environmental benefits per unit strength, and 
it showed the most significant reduction in nr-CED.

5 � Discussion

5.1 � Influence of diatomite on the ECC properties

The influence mechanism of diatomite on cementi-
tious composites is shown in Fig.  13. The influence 

is mainly divided into three aspects. Due to its small 
particle size (see Fig.  S1), diatomite fills the inter-
nal pore of sample, thereby reducing porosity and 
improving the pore structure of the ECC speci-
men. Compared to the reference ECC samples, the 
macropore (size > 50 nm) content of the diatomite 
samples was significantly reduced, i.e., the pore struc-
ture of the ECC matrix was refined by the incorpora-
tion of diatomite (see Fig. 9). In general, pore struc-
ture refinement is very beneficial for compressive 
strength development of cement-based materials. Fur-
themore, diatomite is mainly composed of SiO2, and 
its SiO2 content is higher than 93% (see Table 1). In 
the hydrating cement, the amorphous SiO2 consumes 
CH and produces C–S–H gel, which was confirmed 
by the results of DTG. The increase in C–S–H gel 
content promoted the compressive strength devel-
opment of HS-ECC. Additionally, diatomite has a 
porous structure, and its water absorption is as high as 
1 g/g. When the internal humidity of the ECC sample 
decreases due to the hydration of cement, the diato-
mite particle slowly releases the internal curing water 
to inhibit the decrease in the pressure of the capil-
lary pore, thereby reducing shrinkage deformation of 
HS-ECC (see Fig. 5). Meanwhile, the internal curing 
effect of diatomite also increases the hydration degree 
of HS-ECC paste and its reaction degree (see Fig. 7).

As mentioned above, diatomite displays an excel-
lent filling effect, pozzolanic activity, and internal 
curing effect in the cement system. Incorporating 

Fig. 12   The normalized economic and environmental benefits for per cubic meter of ECC mixtures without fiber: (a) for per cubic 
meter of ECC, and (b) for per cubic meter of ECC per MPa of compressive strength
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diatomite therefore improves the pore structure of the 
ECC matrix (Fig.  13), and crack initiation requires 
more energy during the three-point bending test. 
Therefore, the incorporation of diatomite increases 
the fracture toughness of the ECC matrix. Moreo-
ver, after incorporating diatomite, the compactness 
of the fiber/matrix interface was improved, resulting 
in increasing the frictional bonding stress of the fiber/
matrix interface in the ECC specimen during the ten-
sile test. Since PE fiber is hydrophobic, the increase 
in the tensile strength of ECC mainly depends on 
the frictional bonding stress between the PE fiber 
and matrix during the tensile test [46]. When this 
frictional bonding stress is high in ECC, the slip of 
PE fiber is difficult. The incorporation of diatomite 
increased the frictional bonding stress of the fiber/
matrix interface, so the tensile strength of the ECC 
gradually enhanced.

5.2 � Comparison of diatomite based and other 
“green” HS‑ECCs

The influences of SCMs on the mechanical proper-
ties of HS-ECC are summarized in Fig.  14. Among 
all SCM-modified HS-ECC, diatomite showed the 
most significant improvement in the compressive 
strength of HS-ECC. This can be attributed to the low 
diatomite content and its high reactivity. In terms of 
strain capacity, the HS-ECC with zeolite powder and 

polyvinyl alcohol (PVA) fiber had the lowest strain 
capacity with 0.74‒0.98% in all samples [47]. The 
high-strength HS-ECC generally has a high compact-
ness, which indicates that there is a high adhesion 
force between the fiber/matrix interface. Therefore, 
PVA fibers are prone to either directly breaking or 
just having minor slippage under tensile conditions. 
In other HS-ECCs in Fig.  14, PE fibers were used, 

Fig. 13   The postulated mechanism of the effect of diatomite on HS-ECC
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and these samples all have a significant strain capac-
ity. Compared to PVA fiber, PE fiber has a higher 
tensile strength and elastic modulus, making it eas-
ier to achieve strain-hardening behavior. Therefore, 
the use of PE fibers is a good choice for HS-ECCs. 
Furthermore, Fig.  14 is also shown that the strain 
capacity of HS-ECC containing diatomite is worse 
than that of recycled fine powder, glass powder, and 
FA cenosphere [35, 36, 48]. This may be due to the 
high content of GGBS and SF in other HS-ECCs. Not 
only do GGBS and SF exert the pozzolanic reactiv-
ity and filling effect to efficiently improve the fiber 
bridging capacity, but also significantly improve the 
fiber dispersion in HS-ECC. Generally, a great fiber 
dispersion contributes to achieve the excellent strain-
hardening behavior of HS-ECC. Although these HS-
ECCs with high contents of GGBS and SF have the 
excellent strain-hardening performance in literature 
[35, 36, 47, 49], the incorporation of GGBS and SF 
also increase the cost of HS-ECCs with recycled fine 
powder, glass powder, and FA cenosphere.

The cost and GWP of raw materials in different 
HS-ECC mixtures are listed in Table  S2. After cal-
culation, the total cost and GWP of HS-ECC speci-
men per cubic meter are presented in Fig.  15. The 
total cost of HS-ECC containing diatomite is the low-
est among all HS-ECCs, which is due to the applica-
tion of high-volume FA. This has great significance 
to the sustainability of HS-ECC. Besides, the GWP 
of HS-ECC with diatomite is 525.1‒538.3 kg/m3, 
which is lower than that of HS-ECC with WCBP and 

GP due to its low cement content (See Fig. 15b). Due 
to its lower substitution level, the impact of diatomite 
replacement on the carbon footprint reduction among 
is relatively low. Li et al. [19] found that the 28-day 
compressive strength of mortar did not decrease when 
the 30‒40% diatomite was incorporated. Meanwhile, 
Ahmadi et  al. [32] found that the incorporation of 
30% diatomite increased by 28.4% of the tensile 
strength of mortar. This implies that the high-vol-
ume diatomite may also be beneficial for improving 
the tensile strength of HS-ECC. Therefore, the high-
volume diatomite can further be used to improve eco-
nomic and environmental benefits of HS-ECC.

6 � Conclusions

This study aims to develop eco-friendly high-strength 
engineered cementitious composites (HS-ECC) and 
investigate their mechanical behavior, volume defor-
mation, microstructure, economic, and environmen-
tal benefits. In areas rich in diatomite, this allows 
to reduce the environmental load and improve the 
strength of HS-ECC. Based on these results, the fol-
lowing conclusions can be drawn:

(1)	 The incorporation of a small amount of diato-
mite can effectively increase the strength of HS-
ECC, making the 28-day compressive strength of 
the sample reach 101.7 MPa. At the composite 
level, the tensile strength and the first cracking 

Fig. 15   Cost and GWP of HS-ECC with different types of SCMs (without fiber), (a) Cost, and (b) GWP [35, 36, 47–49]
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strength of HS-ECC increased with the substitu-
tion of cement by diatomite, of which the speci-
men mixed with 3% diatomite showed the highest 
value.

(2)	 Due to its high specific surface area and poz-
zolanic activity, the incorporation of diatomite 
increased the autogenous shrinkage of the HS-
ECC mixture, but the increase was limited (up to 
10%). On the other hand, incorporating an appro-
priate amount of diatomite can reduce the drying 
shrinkage of HS-ECC due to its internal curing 
effect and its improvement on the pore structure.

(3)	 In the HS-ECC mixture, diatomite has a filling 
effect, an internal curing effect, and pozzolanic 
activity, which increases the hydration degree 
of mixture. This possibly further improves the 
matrix compactness and the bonding of fiber/
matrix interface, which increases the strength of 
the composite.

(4)	 The incorporation of diatomite reduced the 
porosity of the 28-day sample and refined its pore 
structure. Among the samples, HS-ECC with 
3% diatomite had the smallest porosity, which 
increased the difficulty of fiber slippage. This was 
consistent with the most serious damage of fiber 
at the HS-ECC with 3% diatomite. Furthermore, 
the HS-ECC with 3% diatomite had the lowest 
number of cracks and the largest crack width.

(5)	 HS-ECC with diatomite performed exception-
ally well on non-renewable cumulative energy 
demand (nr-CED) and global warming potential 
(GWP). For the per cubic meter of HS-ECC per 
MPa of compressive strength, the cost, nr-CED, 
and GWP of the sample mixed with 3% diatomite 
were reduced by 12.9, 15.1, and 13.3%, respec-
tively, relative to the plain mixture.

A novel HS-ECC was successfully prepared using 
diatomite in this study, and the multiple roles of 
diatomite in ECC were systematically investigated 
and explained through mechanical behavior develop-
ment, microstructural characterization and environ-
mental assessment, which provides a reference for the 
application of diatomite in traditional cement-based 
materials (fiber-reinforced concrete and concrete with 
low water-binder ratio). Meanwhile, single-cracking 
and single fiber pull-out tests will be considered in 
future research, because it is beneficial to understand 
the influence mechanism of diatomite on ECC fiber/

matrix interface, fiber bridging force and mechanical 
behaviors from the perspective of multi-scale effects.
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