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A B S T R A C T   

The improvement of cement-based materials’ performance by natural organic compounds can greatly promote 
the green and sustainable development of the construction industry. However, such compounds are not widely 
used yet because of their retarding effect on cement. In this study, the retardation effect of tannic acid (TA, a 
well-known retarding compound) is overcome and the enhancing effect is achieved by adding less than 0.1% 
content and curing samples in thermal regime. Then the mechanism of TA enhancing heat-cured cement pastes is 
studied systematically. Mechanical properties results suggest that addition of 0.025% TA can reduce the 
compressive and flexural strengths of cement pastes by up to 3.4% and 17.1% under normal curing regime at 3 
days, but enhance these two strengths by more than 11.4% and 34.6% after thermal curing, respectively. XRD 
patterns and TGA analysis indicate that, under thermal curing regime, 0.025% TA can improve the hydration 
degree of cement where the bound water content is increased by 21.4%. SEM observations and MIP results show 
that TA can compact the microstructure and the porosity is decreased by more than 7.0%. Furthermore, FTIR 
spectrums prove that TA can bond with hydration products. Molecular dynamics simulation demonstrates that 
TA cross-links with calcium silicate hydrates (C–S–H) through ionic and hydrogen bonds, which could increase 
the tensile strength by 12.5% and the ultimate strain by 100%.   

1. Introduction 

Cement is widely used in the construction industry across the world 
because of good performance and low cost [1,2]. It plays an essential 
role in many engineering fields, such as construction, transportation, 
and hydraulic engineering. However, cement is threatening the global 
environment [3]. The cement industry consumes a lot of energy, with 
clinker production alone consuming 9.1% of all industrial energy use. It 
became the second-largest industrial CO2 emitter, accounting for 27.0% 
of total industrial carbon dioxide emission in 2020 [4,5]. Besides, the 
emissions of greenhouse gases and dust can further aggravate photo-
chemical ozone formation, acidification and fresh water eutrophication 
[6]. This is an unsustainable energy and emission burden for the pursuit 
of a green world. Thus, there is an urgent need to reduce the amount of 
cement used. 

Enhancing the strength and durability of cement-based materials by 
adding chemical admixtures or additives is one of the effective ap-
proaches to improve the efficiency and reduce the usage of cement [7]. 
Commonly, the admixtures often used include superplasticizers, anti-
freeze agents, etc. [8]. The additives could range from nanomaterials (e. 

g., nano-silica and carbon-based nanomaterials) to fillers and fibers [9, 
10]. Most of the admixtures are made from polymers, which are 
oil-based and non-renewable [11]. They can release noxious gas and 
leach out into environment during the production and use, causing 
environmental pollution [11]. Besides, commonly used admixtures are 
generally more expensive than cement. Especially, the cost of nano-
materials is about 1000 times as cement, though the price varies ac-
cording to type and grade [12]. It would sharply increase the total cost of 
concrete. Therefore, more environmentally friendly and cheaper mate-
rials are needed to improve the properties (e.g., strength) of 
cement-based materials. 

Natural organic extractives from plants can be produced continu-
ously and cheaply [13]. Their successful use to improve the 
cement-based materials’ strength and durability may greatly promote 
the green and sustainable development of the construction industry. 
However, the extractives like saccharides, acids and phenols are known 
as retarders which is deleterious to strength development [14,15]. For 
example, glucose, mannose and xylose can slow down the cement hy-
dration for up to 2 days [14]. It also has been reported that 0.05% 
maltodextrin can extend setting time and reduce the 16-h compressive 
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strength by 34.1% [16]. Therefore, these extractives have not been 
widely used in cement yet. But if the retardation is overcome, they could 
be useful. Zichen Lu et al. [17] eliminated the retarding effect of 
carboxylated colloidal polymers by adding Ca(NO3)2 and Na2SiO3, 
realizing almost doubled compressive strength of the blank mortar at 
age of 12 h. Therefore, we hypothesize that if the retardation problem is 
solved, the interaction between the natural compounds and cement 

hydrates can enhance the strength of the cement-based materials. 
In this study, tannic acid (TA) is selected to test our hypothesis. As a 

plant-borne polyphenol, TA widely presents in the leaves, buds and 
immature fruits of plants [18]. It is green, renewable and cheap, only $1 
per kilogram [19]. The molecular formula of TA is C76H52O46 and the 
structure is shown in Fig. 1. It has high catechol content, and therefore 
possesses capability to strongly bind to diverse surfaces through cova-
lent and non-covalent (e.g., hydrogen bonding) interactions, which 
makes it a universal linker to functionalize the materials [20,21]. Xinyan 
Sun et al. [22] used TA to treat magnesium oxychloride cement and 
found that TA bridges rod-like phase 5 by chelating with Mg2+ and 
improves the water resistance. For portland cement, TA is regarded as a 
retarder which can enormously increase the setting time and reduce the 
compressive strength generally by adding more than 0.1% (by weight of 
cement) [23,24]. However, studies have shown that TA can interact 
with siloxane sites by virtue of hydrogen bonds and adhere on the sur-
face of concrete firmly [25,26]. These studies show the potential of TA to 
improve the strength of cement-based materials through cross-linking 
with hydration products. 

In order to suppress the retardation effect and achieve the 
enhancement of cement pastes by TA, this paper adds less than 0.1% TA 
by weight of cement and uses heat curing to accelerate hydration. Then 
the mechanism of TA enhancing cement pastes was studied systemati-
cally through comparing the properties under different curing regimes. 
Mechanical tests were used to quantify the overall effects of TA on 
cement pastes. X-ray diffraction (XRD) and thermogravimetry analysis 
(TGA) were arranged to analyze the hydration products evolution. 
Scanning electron microscopy (SEM) and mercury intrusion porosimetry 
(MIP) were used to observe the microstructure characteristics. Fourier 
transform infrared spectroscopy (FTIR) and molecular dynamics simu-
lation were carried out to analyze the interactions of TA with calcium 
silicate hydrate (C–S–H). 

2. Experimental program 

2.1. Raw materials and mix proportions 

A commercial composite Portland cement (CPC) was used in this 
study. The oxide compositions of the CPC obtained by X-ray fluores-
cence are shown in Table 1. The mineral phases tested by XRD are shown 
in Fig. 2. TA, analytical reagent, was purchased from BKMAM Co., Ltd, 
China. For the sake of investigating the effect of TA on cement, coarse 
and fine aggregates were not incorporated into the prepared specimens. 
All pastes in this research were obtained with a water-to-cement ratio of 
0.38. Seven dosages of TA incorporation were set as 0, 0.00625%, 
0.0125%, 0.025%, 0.05%, 0.1%, 1% mass ratio of CPC for different tests. 

2.2. Mixing, casting, and curing regimes 

TA was added into water firstly and stirred until the powder dis-
solved completely, then mixed with CPC in a mixer for a homogeneous 
mixing. The obtained pastes were poured into molds with sizes of 50 
mm × 50 mm × 50 mm and 40 mm × 40 mm × 160 mm for compressive 
and flexural strength tests, respectively. The samples were covered with 
plastic wrap and demolded after one day. To verify the effect of thermal 
curing, they were compared in different regimes: (1) normal water (NW) 
curing – the specimens were soaked in 20 ◦C water until 3, 7, 28 days; (2) 
hot water (HW) curing – the samples were immersed in 90 ◦C water and 
maintained for two days, followed by cooling down naturally and curing 
in NW until being tested. The relevant curing regime and TA content 
were used to label the samples. For instance, NW0.025 means the pastes 
mixed with 0.025% TA and cured under NW regime. 

Fig. 1. The molecular structure of TA.  

Table 1 
The oxide compositions of CPC (%).  

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O Others 
45.21 25.69 11.42 2.85 5.55 3.44 1.05 0.98 3.81  

Fig. 2. The XRD patterns of CPC.  
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2.3. Test methods 

2.3.1. Compressive and flexural strengths 
To explore the effect of TA contents on strength development under 

different curing regimes, compressive and flexural strengths of cement 
pastes were tested. Compressive strength was determined using a uni-
versal compression test machine with a constant loading rate of 2.4 kN/ 
s. Flexural strength was tested by three-point bending experiment with a 
loading rate of 50 N/s. The span was set at 100 mm. Six and three 
specimens were tested at each age to get a reliable result for compressive 
strength and flexural strength, respectively. 

2.3.2. XRD 
XRD was performed to observe the changes of hydrates qualitatively. 

Small slices from the inner part of cube pastes were collected after 
mechanical tests. They were immersed in isopropanol for 3 days to stop 
the hydration and further vacuum-dried for at least 3 days. Then all the 
samples were ground into fine powders passing a 200 mesh sieve. The 
measurements were conducted using a Rigaku D/MAX-2500PC X-ray 
diffractometer equipped with a CuKα source. Samples were scanned on a 
rotating stage between 5 and 70◦ (2θ) with a step size of 2◦ (2θ) per 
minute. 

2.3.3. TGA 
TGA was used to quantify the hydrates. It was performed with a 

Mettler Toledo TGA/DSC 2 analyzer. Pastes powders were obtained as 
described above. Approximately 10 mg of a sample was heated at a 
constant rate of 10 ◦C/min from 30 to 1000 ◦C under a nitrogen flow of 
50 mL/min. 

2.3.4. SEM 
SEM was applied to observe the morphology of the samples (without 

grinding). Before test, dry samples were vacuumized and coated with 

gold to increase the conductivity. SEM images were obtained in sec-
ondary electron mode with an accelerating voltage of 10 kV. 

2.3.5. MIP 
MIP was performed to characterize the porous structure of pastes. 

The particles of samples obtained from the hardened cement pastes were 
tested. Assuming a cylindrical pore geometry, the applied pressure can 
be related to equivalent pore sizes using the Washburn equation [27] as 
given below: 

P= −
4γ cos(θ)

d
(1)  

where γ is the surface tension of mercury (0.485 N/m); θ is the contact 
angle between mercury and the pore surface (θ = 130◦); d is the pore 
diameter (m). MIP parameters were selected based on literature [28]. A 
volume-weighted pore size distribution can be obtained by associating 
the intruded mercury volume at a given pressure with the pore size 
evaluated from Eq. (1) and converted to porosity eventually. 

2.3.6. FTIR 
FTIR was used to analyze the changes of functional groups to verify 

the formation of bonds between TA and hydration products indirectly. 
Analysis was conducted on dried hydrated pastes powder using a Per-
kinElmer FTIR Spectrometer. The spectrums were traced in the range of 
500–4000 cm− 1. 

2.4. Computational methods 

Molecular dynamics simulation can explain the experimental rules 
from the atomic level and explore the mechanism of modification [29]. 
In this study, it was used to directly investigate the interaction between 
TA and hydrates. The main hydration product of cement, C–S–H (with a 
calcium-to-silicon ratio of 1.7) [30] was selected. The C–S–H structure 

Fig. 3. Schematic diagram of model building.  
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was cleaved along with the [0 0 1] crystal plane and TA was inserted in 
the parallel C–S–H matrix [31]. The constructed TA/C–S–H model is 
shown in Fig. 3 with unit cell dimensions a = 43.2 Å, b = 45.04 Å, c =
92.5 Å, and α = β = γ = 90◦. 

The CVFF force field was used to describe the TA and the ClayFF 
force field was used to simulate the C–S–H phase [32–34]. Geometric 
rules were used to combine the interaction energy of the two force fields, 
which can well characterize the properties of nanocomposites [35]. 
Simulations were performed using LAMMPS software. First, 1 ns relax-
ation simulations were performed at 300 K and 1 bar in NPT conditions. 
Then, 1 ns simulations were performed in the NVT conditions. The 
C–S–H and TA/C–S–H models after dynamic equilibrium are shown in 
Fig. 4. After equilibrium, 2 ns simulations were continued and the 

trajectory information was recorded. The models were subjected to 
uniaxial tensile strain by gradual elongation at a strain rate of 
0.00008/ps along the z-direction. The stresses in the x- and y-directions 
during tension are set to zero and can be relaxed unrestrictedly. The time 
step of the whole simulation is 1 fs. 

3. Results and discussion 

3.1. Mechanical properties 

3.1.1. Compressive strength 
Fig. 5 exhibits the compressive strength of cement pastes with 

various TA contents and cured in different regimes. As can be seen from 

Fig. 4. Equilibrium models of: (a) C–S–H model and (b) TA/C–S–H model.  Fig. 5. Compressive strength of cement pastes cured under (a) NW and (b) HW.  

J. Zhang et al.                                                                                                                                                                                                                                   
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Fig. 5 (a), the compressive strength of NW0 reached 38.8 MPa, 50.9 MPa 
and 67.3 MPa at 3, 7 and 28 days, respectively. Compared with plain 
cement pastes without TA, the compressive strength decreased as TA 
content increases at every age. When 0.025% and 0.1% TA was added, 
the compressive strength of cement pastes decreased by 3.4% and 10.6% 
at 3 days, respectively. The tendency of decline remained to the age of 
28 days with the extent of 3.6% and 10.1%, which means that less than 
0.1% TA also has a profound negative effect on the compressive strength 
of cement pastes attributed to the retarding (likely nonrecoverable 
within 28 days) effect of TA [36]. The strong retardation is mainly 
induced by the adsorption of TA on cement particles and the chelation of 
dissolved calcium ions by TA molecules, resulting in that less ions (e.g. 
calcium ions and silica tetrahedron) can precipitate to generate hydra-
tion products [36]. Then, we seek to use the HW regime to accelerate the 
hydration and suppress the retardation effect. 

After HW curing, the early compressive strength of cement pastes 
was improved significantly and reached maximum at 3 days. According 
to Fig. 5 (b), the 3-day compressive strength of HW0 was 59.7 MPa. With 

the progress of curing, the compressive strength decreased to 55.8 MPa 
at 28 days. This could be due to the long-term water-soaking curing at 
20 ◦C aggravating the heat damage made by the high-temperature 
curing in the first days, which accelerates the dissolving out of cal-
cium ions from C–S–H gels and portlandite (CH) in surface pastes. This 
pheonomenon has also be observed and explained in Ref. [37]. After 

Fig. 6. Flexural strength of cement pastes cured under (a) NW and (b) HW.  

Fig. 7. XRD-patterns of cement pastes cured under NW and HW.  

Fig. 8. TGA results of cement pastes cured under NW and HW.  

Table 2 
The CH and BW contents of samples cured under different regimes.  

Samples NW0 NW0.025 NW0.1 HW0 HW0.025 HW0.1 

CH content (%) 7.8 7.6 6.7 6.2 7.4 5.9 
BW content (%) 17.1 15.9 15.5 13.1 15.9 13.4  

J. Zhang et al.                                                                                                                                                                                                                                   
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adding TA, the compressive strength of the specimen did not show a 
significant decrease. Compared with HW0, the compressive strength of 
samples was enhanced by 11.4% (reaching 66.5 MPa) in the best when 
0.025% TA was added at 3 days. Meanwhile, the increase was main-
tained to 28 days with the rate of 13.8%, which demonstrates that the 
improvement of compressive strength of TA-modified cement pastes is 
stable. Besides, the compressive strength of HW-cured specimens is al-
ways lower than NW0 at 28 days because of the heat damage. During 
HW curing, the rapid hydration of cement results in coarse hydration 
products and the expansion of gas-liquid phase produces volume 
deformation and micro-cracks, which can impair the strength develop-
ment of concrete [38]. 

3.1.2. Flexural strength 
Fig. 6 shows the flexural strength of cement pastes with various TA 

contents cured in different regimes. From Fig. 6 (a), under NW curing 
regime, the addition of 0.00625%, 0.0125%, 0.025%, 0.05% and 0.1% 
TA reduced the 3-day flexural strength of cement pastes by 2.9%, 8.6%, 
17.1%, 34.3% and 45.7%, respectively. What is worse, the reduction 
remained until 7 and 28 days with the extents of 2.0–36.0% and 
3.3–31.1%, respectively. The phenomenon was similar with the 
compressive strength (as shown in Fig. 5 (a)), which may be caused by 
the retarding effect of TA under normal temperature. 

The flexural strength test results of pastes cured under HW are shown 
in Fig. 6 (b). Consistent with previous studies [39], the flexural strength 
of plain cement pastes without TA increased significantly after HW 
curing. Surprisingly, the flexural strength of cement pastes with TA 
further improved, showing a trend of rising up firstly and then declining. 
With the increase of TA content from 0.00625% to 0.1%, the flexural 

strength of HW-cured samples increased by 7.7%, 20.2%, 34.6%, 17.3% 
and 5.8% at the age of 3 days, respectively. The maximum was reached 
when the TA content was 0.025%. Although the flexural strength was 
reduced at 7 and 28 days, that of TA-modified samples was also 
8.4–40.0% and 10.7–45.2% higher than HW0, respectively. It should be 
pointed out that TA seems to be more effective in improving flexural 
strength than enhancing compressive strength, which is beneficial to 
deal with the brittleness increase of cement-based materials after ther-
mal curing [40]. 

According to the mechanical results, TA can enhance the cement 
pastes under thermal curing. Considering that the 3-day strength of the 
HW-cured samples is maximum (which is normal according to literature 
[37]), the mechanism of TA enhancing strength of cement pastes was 
studied through three representative samples mixed with 0, 0.025% and 
0.1% TA at the age of 3 days. 

3.2. Hydration products evolution 

The XRD patterns in Fig. 7 show the hydration products formed in 
cement pastes mixed with different TA contents at the age of 3 days 
(cured in two different regimes). Dolomite, quartz and calcite are still 
the strongest peaks on the patterns. Furthermore, there were no distin-
guished new diffraction peaks appearing in two regimes, indicating that 
the presence of TA did not generate new hydration products, which is 
consistent with previous studies [36]. Under NW curing regime, all 
samples displayed the presence of ettringite and portlandite. The for-
mation of hemicarbonate instead of monosulfate can be observed too, 
because the limestone and dolomite in CPC provide CO3

2− favoring the 
precipitation of carboaluminates rather than monosulfate [41]. 

Fig. 9. SEM image of pastes cured under NW. (a) NW0, (b) NW0.025, (c) NW0.1, (d) The enlargement of white box in (b).  
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Fig. 10. SEM image of cement pastes cured under HW. (a) HW0, (b) HW0.025, (c) HW0.1, (d) The local increased magnification of image (b), (e) HW1 and (f) The 
local increased magnification of image (e). 
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Moreover, Mg2+ released from dolomite is considered to interact with 
the cement aluminates to form hydrotalcite [41]. In the case of HW 
curing, the peaks of ettringite were disappeared and the peaks of hem-
icarbonate were significantly reduced, which is caused by the decom-
position of ettringite and hemicarbonate under high temperature (i.e., 
during the curing under 90 ◦C). Meanwhile, katoite and AFmss which is 
the solid solution of hemicarbonate and OH− substituted monosulphate 
appeared [42]. The effect of TA on these processes is not particularly 
obvious in XRD patterns. However, by comparing HW0, HW0.025 and 
HW0.1, it can be found that the peaks of quartz and dolomite decreased 
significantly after adding TA, qualitatively indicating that TA may 
promote the hydration of cement under high temperature. To quanti-
tatively verify the effect of TA on cement hydration, TGA test was 
performed. 

TGA tests were carried out on the 3-day specimens. The results are 
shown in Fig. 8 in terms of the relative mass loss as a function of the 
temperature (TG, upper y-axis) and the derivative of TG curve (DTG, 
lower y-axis). On TG and DTG curves, five main peaks were presented, 
corresponding to C–S–H and ettringite [43], AFm (monosulphate, 
hemicarbonate and monocarbonate [44]), hydrotalcite and katoite [45, 
46], CH [47] and carbonates [48], respectively. Before 500 ◦C, the 
weight loss of all substances is the bound water (BW). And the mass loss 
between 400 ◦C and 500 ◦C is caused by the decomposition of CH. The 
contents of BW and CH are often used to assess the degree of hydration 
and calculated as percentage of the dry pastes weight at 500 ◦C ac-
cording to Eqs. (2) and (3) [49]. The results are shown in Table 2. 

BW =
m30 − m500

m500
× 100% (2)  

CH =
m400 − m500

m500
×

MCH

MH2O
=

m400 − m500

m500
×

74
18

× 100% (3)  

where m30, m400 and m500 are the masses of cement pastes at 30 ◦C, 
400 ◦C and 500 ◦C, respectively. MCH and MH2O are the molar mass of Ca 
(OH)2 and H2O. 

According to the calculated results, CH content of NW-cured samples 
decreased continuously with the increase of TA dosage. The BW contents 
of NW0.025 and NW0.1 reduced 7.0% and 9.4% than NW0, respec-
tively. Since all the bound water comes from clinker hydration origi-
nally, the reduction of CH and BW contents indicates that TA retards the 
hydration of cement clinker. However, under HW curing regime, the 
addition of 0.025% TA increased the CH and BW content by 19.4% and 
21.4% than the sample without TA, respectively. It indicates that TA can 
promote the hydration of the cement clinker under HW curing regime. 
This may be caused by the polarity of TA which concentrates a large 
amount of calcium ions and water molecules in its proximity, providing 
nucleation sites for species dissolved from cement to latch on [50]. Be-
sides, although the CH content of HW0.1 was 4.8% lower than HW0, the 
BW content of HW0.1 was 2.3% higher than HW0, verifying that TA can 
promote the secondary hydration of dolomite and quartz under HW 
curing regime, which is beneficial to strength development of cement 
pastes. Moreover, the contents of CH and BW of HW0.1 were slightly 
lower than HW0.025. It may be attributed to the more serious retarding 
effect of TA in HW0.1, and hence the strength of HW0.1 is lower than 
HW0.025. 

3.3. Microstructure characteristics 

Microstructure plays a decisive role in mechanical properties of 
cement-based materials [51]. In this study, the microstructure of sam-
ples cured at 3 days was analyzed including morphology observed by 
SEM and pore structure tested by MIP. 

Fig. 9 shows the microscopic morphology of samples cured under 
NW regime. From Fig. 9 (a), the sample without TA shows the gelatinous 
C–S–H and stacked coarse CH. After adding TA, angular pits which are 
bad for strength development appeared as shown in Fig. 9 (b) and (c). 
The hydration product in the pit enlarged in Fig. 9 (d) is early C–S–H 
[52], which will lead to poor bonding of cement particles. Nevertheless, 
thermal curing changes the condition. 

Fig. 10 shows the morphology of samples cured under HW. From 

Fig. 11. The porosity of cement pastes cured under NW and HW.  Fig. 12. FTIR spectrums of samples.  
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Fig. 13. Diagram of the tensile process under the same strain. (a)–(d) C–S–H model and (e)–(g) TA/C–S–H model at strains of 0.1, 0.4, 0.6 and 0.8.  
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Fig. 10 (a), HW0 exhibited loose and porous structure. After adding TA, 
the microstructure of HW0.025 became denser as shown in Fig. 10 (b). It 
is attributed to that TA promotes the hydration of cement which im-
proves the particle packing and TA cross-links with hydration product 
which makes the particles bond more tightly (given in section 3.4). 
Besides, nanoscale network hydration products (NP) appeared on the 
surface of matrix which is enlarged in Fig. 10 (d). Suitable NP can first 
rupture and consume most of energy when the sample is stretched, thus 
improving the strength and toughness. However, with the increase of TA 
content, the NP structure became rougher as shown in Fig. 10 (c). The 
rough NP structure may be one of the reasons that lead to the strength 
decrease of HW0.1. Besides, it is difficult to recognize the TA composites 
which cross-link with hydration products in matrix because of the small 
dosage. 

In order to amplify the influence of TA on microstructure, 1% TA was 
added. The morphology of HW1 is shown in Fig. 10 (e). Obviously, the 
NP structure in the matrix became much rougher and a large amount of 
spherical nanoparticles were detected. The size and shape of nano-
particles are similar to those produced on the surface of TA-modified 
cement particles and recycled concrete aggregates [53,54]. These 
nanoparticles are believed to be TA-Ca complexes. In Fig. 10 (f), it is 
clearly visible that the hydration products generate on the surface of 
TA-Ca complexes, indicating that the TA composites can cross-link with 
hydrates and become nucleuses during hydration for the strong 
adsorption of TA on water and calcium ions [50,55]. 

Fig. 11 shows the cumulative porosity of pastes mixed with various 
TA contents. Compared with NW0, the porosity of NW0.025 and NW0.1 
increased 4.1% and 6.8%, respectively. On the contrary, addition of 
0.025% and 0.1% TA decreased the porosity of cement pastes by 11.1% 
and 7.0% after accelerating hydration through HW curing. It quantita-
tively confirms that TA has a positive effect on refining the pore struc-
ture of cement pastes under HW curing regime, resulting in a denser 
microstructure significantly, which is consistent with SEM results as 
shown in Fig. 10. Moreover, it may be responsible for the increasement 
of compressive and flexural strength of cement pastes with the addition 
of 0.025% TA, as shown in Figs. 5 and 6. It is possible that overdosing of 

TA (e.g., 0.1%) – though possibly results in more hydration products – 
leads to a network that does not favor load-carrying capacity, and, thus, 
lower strengths (e.g., than the case of 0.025% TA). 

3.4. Interactions analysis 

To verify that TA bonded with hydration products observed in Fig. 10 
(e), FTIR test was firstly applied on the samples cured at 3 days. The 
FTIR spectrums are shown in Fig. 12. Under NW curing condition, the 
peak intensity of Si–O and C–O weakened because of the severe 

Fig. 14. Stress-strain relations.  

Fig. 15. The intensity profile of the atoms along the interlayer direction. (a) 
C–S–H model and (b) TA/C–S–H model. 
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retardation, while the peak position of cement matrix almost un-
changed. This indicates that TA has little bond with hydration products 
under NW. However, the heat-cured samples showed great differences. 
The peaks centered at 3420 cm− 1 and 1660 cm− 1 are the vibration peaks 
of O–H in the adsorbed water molecules [56]. When TA was incorpo-
rated, the peaks of O–H vibration in HW1 strengthened and moved to 
the left, which proves that TA can absorb on interlayer water through 
hydrogen bond. Moreover, it has been reported that the hydroxyl group 
of the polyphenols can interact directly with the siloxane sites by 
hydrogen bonds [25], which is studied by Qn in this research. Q repre-
sents the tetrahedral unit and n is the number of bridging oxygen per 

tetrahedron [57]. The infrared spectral positions of Q1-Q4 are centered 
at 811 cm− 1, 957 cm− 1, 1090 cm− 1 and 1140 cm− 1 [58]. Results in 
Fig. 12 indicate that the peaks of Q1, Q3 and Q4 showed little change 
while the peak of Q2 changed dramatically. The peak intensity of Q2 in 
HW1 weakened after adding 1% TA, indicating that the hydration of 
cement is delayed severely because of the huge amount of TA. 
Furthermore, the peak of Q2 shifted, indicating TA bonds with siloxane 
sites in C–S–H. 

Based on FTIR results, molecular dynamics simulation was arranged 
to analyze the nanostructure to understand the interaction between TA 
and hydrates directly. The configurations of the C–S–H model and TA/ 
C–S–H model from strain 0.1 to strain 0.8 are presented in Fig. 13 (a)–(d) 

Fig. 16. Contour distribution map of water molecules and hydroxyl groups. (a) 
C–S–H model and (b) TA/C–S–H model. 

Fig. 17. (a) RDF and (b) TCF of H–O in TA/C–S–H model.  
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and Fig. 13 (e)-(f), respectively, for a preliminary qualitative illustration 
of the failure process. For the C–S–H model, when the two-layer C–S–H 
substrate is subjected to tensile loading in the interlayer direction, the 
model is stretched apart at the interface region of the two-layer matrix. 
However, in the TA/C–S–H model, the TA effectively bridges the two 
layers of the matrix and the weak area of the model turns into the 
interlayer region of the C–S–H structure itself. 

The stress-strain relationship of the two models in the tensile process 
is shown in Fig. 14 and the two are quite different. In the C–S–H model, 
the stress undergoes a two-stage jump to a maximum value of 0.48 GPa 
and then decreases rapidly to 0 at the strain of 0.3. After the introduction 
of TA, the stress jumps to the maximum value of 0.54 GPa in two stages 
and then slowly decreases after several fluctuations. Finally, it decreases 
to 0 when the strain is 0.6. Therefore, the tensile strength of the structure 
after the introduction of TA is increased by 12.5% and the ductility of 
the structure is greatly improved. The mechanical properties of nano-
composites show a better performance of TA in obstructing the propa-
gation of tensile cracks, which could be the reason that the growth of 
flexural strength of TA-modified cement pastes is higher than that of 
compressive strength. 

Next, two models of the equilibrium state are structurally analyzed to 
explore the changes brought by the introduction of TA. As shown in 
Fig. 15, the introduction of TA disturbs the ordered distribution of the 
calcium-silica layer to some extent and the peak of silica hydroxyl 
groups at 13.6 Å and 24.2 Å in C–S–H disappeared. Comparing the 
distance between the calcium layers of the two C–S–H substrates, it can 
be found that TA decreases the spacing between the two C–S–H sub-
strates (from 13.9 Å to 12.8 Å), which explains the densification of 
microstructure. 

Further statistics on the distribution of water molecules and hydroxyl 
groups in the range of 15–22.5 Å in the z-direction are shown in Fig. 16. 

In the C–S–H model, the water molecules and hydroxyl groups in the 
middle of the two C–S–H matrix layers are distributed in an orderly 
manner. In contrast, in the TA/C–S–H model, TA occupies the position of 
water molecules and hydroxyl groups, thus the distribution of water 
molecules and hydroxyl groups around TA is relatively scattered. This 
indicates that TA changes the distribution of water molecules and hy-
droxyl groups around it. 

Therefore, the local structures of water molecules and hydroxyl 
groups in the TA/C–S–H model are also analyzed. Ht (the hydrogen 
atoms on the carbon chain) and Hto (the hydrogen atoms in the phenol 
hydroxyl group) in TA play a major role and thus their radial distribu-
tion function (RDF) with oxygen atoms in C–S–H (Ow, Oh and Os) are 
counted, as shown in Fig. 17 (a). The RDF peak confirms that the Hto 
atom forms an H-bond connection with the oxygen atom in C–S–H, while 
the Ht atom is mostly indirectly connected. Fig. 18 shows the main 
hydrogen bonding resulting from the introduction of TA; other types of 
hydrogen bonds are not shown here due to their very small number. The 
stability of the main H-bonds in the TA/C–S–H system is shown in 
Fig. 17 (b). The stability of the H-bonds formed between the Hto atoms of 
TA and C–S–H is good, whose time correlation function (TCF) values of 
the hydrogen bonds remain basically above 0.6 even at 100 ps. 

Fig. 19 shows the RDF and TCF statistics of the ionic bonds between 
the calcium ions of C–S–H and the oxygen atoms of TA. As shown in 
Fig. 19 (a), both Oth and Ot’ in TA can form ionic bonds with the calcium 
ions of C–S–H and this structure can be observed in Fig. 20. And Fig. 19 
(b) demonstrates that both Ca-Oth and Ca-Ot’ ionic bonds exhibit 
extreme stability. Especially for Ca-Ot’, its TCF value remains almost 
constant at value 1 at 100 ps. Based on the above, it can be seen that TA 
can achieve the O1–Ca–O2 connection with C–S–H, where O1 can be Oth 
and Ot’; and O2 can be Os, Oh and Ow. Thus, TA realizes the bridging 
between C–S–H chains. 

Fig. 18. Local structure of H–O between TA and C–S–H.  
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Finally, the changes in the dynamic properties of the system atoms 
are characterized by mean square displacement (MSD). In Fig. 21 (a), by 
comparing the MSD curves of the main atoms in the TA/C–S–H model, it 
is clear that the calcium-silica layer of C–S–H has solid kinematic 
properties and the TA molecules have stronger dynamic properties. 
Fig. 21 (b) compares the MSD curves of the calcium-silica-oxygen atoms 
in both systems, where C represents the C–S–H model and T is the TA/ 
C–S–H model. Caw is the calcium atoms in the interlayer region of C-S-H. 
Ct and Ot stand for the carbon and oxygen atoms in TA, respectively. The 
result reflects that TA accelerates the dynamic properties of the atoms in 
C–S–H. For example, the MSD value of OwOh increases 55.7% from 6.1 
Å2 to 9.5 Å2. This also indicates that TA can attract water molecules, 
hydroxyl groups and calcium ions around them, forming a film-like 
wrapping structure. When the system is subjected to external loads, 
this structure helps it to disperse internal stresses and thus achieve 
greater load resistance. The results in this section are consistent with 
microstructure results. 

The simulation results show that TA can cross-link with C–S–H and 
improve its dynamic and static mechanical properties at normal 

temperature. However, in the experiment, the unfavorable interaction 
between TA and cement particles limited the play of this beneficial ef-
fect. Besides, TA molecules were more extended and the contact area 
with the C–S–H became larger in high temperature, which enhanced 
interfacial adhesion energy [59]. It also came out that not only the 
C–S–H had more sites available for TA but also the interfacial ionic 
bonding formed is more stable after high temperature curing. Therefore, 
TA exhibited a better ability to enhance the strength of cement pastes at 
high temperature. 

4. Conclusions 

In this study, a naturally abundant plant polyphenol – TA, which is 
often regarded as retarder – was used to modify the cement pastes and 
the mechanism was systematically studied from mechanical properties, 
hydration products evolution, microstructure characteristics and in-
teractions analysis. Mechanical results showed that the compressive and 
flexural strengths of TA-modified cement pastes cured under NW regime 
decreased with the TA content even if the TA content is less than 0.1%. 
Microscopic experiments showed that TA can reduce hydration degree 
and deteriorate the microstructure under normal temperature. These 
indicate that the enhancement effect of TA cannot be achieved only by 
reducing the content. Then HW curing was used to speed up the hy-
dration. It is surprising to find that the compressive and flexural 
strengths can be improved greatly by TA. Optimally, compared with 
plain cement pastes, the compressive and flexural strengths of 0.025% 
TA-modified cement pastes can be increased by more than 11.4% and 
34.6%, respectively. The mechanism of TA enhancing the cement pastes 
under HW curing regime should be laid in the followings: 

(1) TA can promote the hydration of cement under elevated tem-
perature. XRD and TGA analysis of the hydration products 
showed that TA can improve the hydration of clinkers as well as 
the secondary hydration of quartz and dolomite. Quantitatively, 
the BW content of HW0.025 was 21.4% higher than HW0.  

(2) TA can modify the microstructure. More hydration products 
improve the particle packing in cement pastes and the bridging 
effect of TA enhances the bonding ability between hydrates, 
which optimizes the microstructure. SEM observations showed 
that the matrix became denser after adding 0.025% TA and the 
TA-Ca complexes cross-linked with the hydration products. In 
addition, MIP results indicated the porosity can be reduced by 
more than 7.0%.  

(3) TA at proper dosage can bond with hydration products and 
enhance the tensile strength of nanocomposites. The FTIR spec-
trums showed the shifts of O–H and Q2 peak positions which 
indicated TA can bond with C–S–H indirectly. Besides, molecular 
dynamics simulation directly proved that TA can cross-link with 
C–S–H through ionic and hydrogen bonds which can effectively 
disperse the internal stresses. As a result, the ductility and tensile 
strength of the composites of TA and C–S–H were enhanced with 
a 12.5% increased maximum stress and a 100% improved ulti-
mate strain. 

Organic compounds are abundant, renewable, safe, and low-cost. 
They are largely ignored in current concrete research. This paper pro-
vides a new insight in the use of organic compounds in cement-based 
materials and develops new protocols suitable for prefabricated com-
ponents. Their wide adoption in practice may greatly promote the sus-
tainable development of the construction industry. 
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Fig. 20. Local structure of Ca between TA and C–S–H.  
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