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Abstract: The interaction effects of four chlorine-free admixtures such as calcium formate (CF),
triethanolamine, (TEA), triisopropanolamine (TIPA), and sodium sulfate (SS) on the compressive
strength development of Portland cement mortars were investigated based on the design of exper-
iment (DoE). The results showed that both the addition of CF and SS contributed significantly to
the strength of cement mortars at early curing age. However, the interaction of CF and SS could
hinder their respective positive effect on the strength of cement at 1 d. At later curing ages, CF was
still beneficial in improving the late strength of cement, but SS had a negative effect on the strength
of cement at 28 d. A negative effect of TIPA on the strength of cement was found at 3 d. However,
the positive interactive effect of TIPA and CF was sufficient to offset the negative effect of TIPA on
the strength of mortars at 3 d if the dosage of CF exceeded 2%. In addition, TEA had a positive
influence on 7 d strength until a turning point was reached and the optimum dosage of TEA was
approximately 0.013%.

Keywords: Portland cement; chemical admixture; strength development; design of experiment

1. Introduction

Portland cement has been the most widely used cementitious material in the building
construction industry for a long time [1–3]. Many chemical admixtures have been devel-
oped in the cement industry to improve the mechanical quality and workability of Portland
cement and concrete during the past decades [4–6].

Calcium formate (CF), as a kind of chloride-free chemical admixture, was commonly
employed to improve the early mechanical strength of cement mortar/concrete. The
addition of CF is beneficial to advance the initial setting period and final setting period
of cement mortars [7]. CF, although not as effective as chloride in enhancing the early
strength of concrete, can satisfactorily improve the early strength without corroding the
reinforcement at room temperature [4] and a low temperature of 5 ◦C [8]. However, Ben
found that CF can aggravate the linear expansion of ordinary cement paste, increase the
porosity of pastes significantly and disturb the formation of C-S-H, which increases the risk
of chloride erosion resistance inside cement mortars [9]. Heikal [7] identified that CF can
accelerate the formation of ettringite in the hydration process of cement. In addition, CF
was also proven to cause the formation of gismondine (which contributes to the strength of
cement) in the early hydration process of cement [10].

Triethanolamine (TEA) and triisopropanolamine (TIPA) are common organic grinding
admixtures used in the cement manufacturing process which can minimize agglomeration
in the ball mill. The effects of TEA and TIPA on the hydration and properties of the Portland
cement were studied by many researchers [11–13]. Generally, the amount of TEA added
is less than 0.05% and it acts as the accelerator with the addition of 0.02% [14]. TIPA can
enhance the mechanical characteristics of Portland cement by accelerating ferrite phase
hydration [13]. TIPA is not significantly adsorbed on the cement grains, but it complexes the
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iron in solution, limiting the development of a reaction product layer and encouraging iron
transit into solution [15]. TIAP is beneficial for strength enhancement at later curing ages.
Sandberg evaluated 10 cements containing 0.2% TIPA and found that the average strength
enhancement of mortar was roughly 10% at 28 d [16]. Zhang also found that the addition
of TIPA is attributed to the promotion of cement hydration and the pozzolanic reaction of
clay brick powder (CBP) which can provide efficient compensation to the drawback of the
incorporation of CBP [17].

Sodium sulfate (SS, Na2SO4), as one of the most extensively used sulfate chemical
early strength admixtures, is well-recognized for its lower cost and less harmful environ-
mental burden [18,19]. Many researchers have illustrated that SS could react with Ca(OH)2
generated by cement hydration to form calcium sulfate at a high degree of dispersion [20].
The calcium sulfate particles will then react with tricalcium aluminate, creating ettringite
crystals, which promotes the creation of the framework of cement pastes and significantly
enhances the strength of cement pastes at early curing ages. In addition, consumption of
CH by sodium sulfate promotes silicate (C3S and C2S) hydration, which is conducive to
the early strength of cement pastes [21].

Currently, most of the admixtures used in the industry contain multiple chemical
components. However, previous studies have mainly focused on exploring the effects of
single chemical additives on the modification of cement properties, and the research on
the interaction effects of CF, TEA, TIPA and SS is still scarce. Therefore, the purpose of this
study was to investigate the interaction effects of CF, TEA, TIPA and SS on the strength
development of cement pastes to provide a basis for the research and development of
composite admixtures. A design of experimental method was used to model the behavior of
the above four chemical admixtures and quantify their possible interactions. Furthermore,
Pareto charts [22] and contour plots [23] were presented to demonstrate the interaction of
these admixtures at different curing ages.

2. Materials and Methods
2.1. Materials and Sample Preparation

The Portland cement (P.O 52.5R) and ISO standard sand from a cement manufacturer
in Dalian city, China were selected. The chemical composition of cement used in this study
is presented in Table 1. The chemical additives (CF, TEA, TIPA and SS) were provided by
Aladdin Industrial Corporation, Shanghai, China (effective concentration of 98%).

Table 1. The chemical composition of P.O 52.5R cement (wt.%).

Compound CaO SiO2 Al2O3 Fe2O3 MgO SO3 Loss

wt.% 65.74 22.35 4.61 3.62 2.08 0.32 1.28

According to the Chinese standard GB/T17671 [24], three test specimens were made
for each batch with 450 ± 2 g of P.O 52.5R cement (the standard value of compressive
strength of cement mortar for 28 d is over 52.5 MPa), 1350 ± 5 g of ISO standard sand
(natural quartz sea sand with SiO2 content >96%) and 225 ± 1 g of water. The size of
each specimen was 40 mm × 40 mm × 160 mm. The chemical additives were diluted into
mixing water for cement mortar preparation. All the specimens were cured for 24 h in a
wet curing environment at 25 ± 1 ◦C and 95 ± 2% RH. Then, the specimens were put in
deionized water for curing 3 d, 7 d and 28 d. After the different curing days above, the
hardened specimens were taken out from water for a further compressive strength test.

2.2. Central Composite Face-Centered Design (CCFD)

CCFD (a kind of DOE) is an effective statistical strategy for planning the experimental
setup and quantifying the variables and response correlation. Many researchers have
successfully utilized it to assess the impact of other variables on cement and concrete
qualities [25–27].
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In this study, CCFD was used to set the testing combination of CF (corresponding
factors, x1), TEA (x2), TEA (x3) and TEA (x4) in order to assess the impact of each chemical
additive and any interactions on strength development of Portland cement mortars (re-
sponse, y). For predicting the response as a function of single factors and their interactions,
the compressive strength of cement mortar with different chemical additives was expressed
as a quadratic polynomial equation [28]:

y = a0 +
k

∑
i

aixi +
k

∑
i

aiix2
i + ∑

i<j
aijxixj + e(xi, x2, . . . , xk) (1)

where
y: the predicted response which is the compressive strength of cement mortar;
x: the coded independent variable;
k: the number of independent variables (in this study: k = 4);
ai, aij, aii: the regression coefficients for linear, interaction and quadratic terms;
e: the error which includes experimental error and the Lack-of-Fit error.
The factors (x1~x4) in Equation (1) were coded at ±1 for the factorial points; 0 for the

central points. The coded and corresponding actual values of these factors are shown in
Table 2. The experimental design matrix for the CCFD and the results of tests are shown
in Table 3. According to the results in Table 3, all the coefficients of the models were
calculated in Minitab 18 software based on multiple regression analysis technique. In
addition, analysis of variance (ANOVA) was used to assess the suitability of each model,
statistical significance of each factor and the error in each model. The significance of each
term in each model depends on p-value. In this study, the significance level was defined
as 0.05. Thus, the items in analysis of variance with p-value higher than 0.05 should be
considered insignificant and should be ignored in the regression model. In addition, the
t-value of each term in analysis of variance indicates the significance of the coefficients
in the regression model which can be used to assess the contribution of each item to the
response. The Lack-of-Fit (LoF) is used to assess the fitness of the model. If the p-value of
LoF is less than 0.05, there is indication that the model does not sufficiently match the data
and that it should be changed.

Table 2. Actual contents and coded numbers of admixtures.

Admixture Symbol
Low Level Intermediate Level High Level

Coded Actual (%) Coded Actual (%) Coded Actual (%)

CF x1

−1

0

0

1

1

2
TEA x2 0 0.025 0.05
TIPA x3 0 0.025 0.05

Na2SO4 x4 0 1 2

Table 3. The design matrix of CCFD and compressive strength of cement mortars.

Chemical Additives (Coded Number) Compressive Strengths (MPa)

Standard No. Run No CF (x1) TEA (x1) TIPA (x1) SS (x1) 1 d 3 d 7 d 28 d

29 1 0 0 0 0 18.5 34.2 46.1 56.5
1 2 −1 −1 −1 −1 16.7 30.8 44.8 56.4
2 3 −1 −1 −1 1 19.6 34.9 43.0 49.0
15 4 1 1 1 −1 18.2 32.4 44.5 56.0
5 5 −1 1 −1 −1 16.8 30.6 43.9 55.7
27 6 0 0 0 0 18.9 33.4 44.6 55.9
12 7 1 −1 1 1 19.3 39.0 53.0 57.8
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Table 3. Cont.

Chemical Additives (Coded Number) Compressive Strengths (MPa)

Standard No. Run No CF (x1) TEA (x1) TIPA (x1) SS (x1) 1 d 3 d 7 d 28 d

7 8 1 1 −1 −1 18.2 32.0 46.5 56.5
17 9 0 0 0 −1 17.2 30.3 43.3 59.8
10 10 −1 −1 1 1 18.8 33.4 42.9 48.6
30 11 0 0 0 0 19.2 31.0 43.5 54.8
28 12 0 0 0 0 18.8 31.3 44.8 54.0
16 13 1 1 1 1 19.2 36.4 43.5 54.0
14 14 −1 1 1 1 18.9 31.3 37.8 44.2
8 15 1 1 −1 1 19.2 36.0 44.2 53.7
13 16 −1 1 1 −1 16.5 29.4 39.5 56.7
4 17 1 −1 −1 1 19.7 34.8 48.5 60.1
19 18 −1 0 0 0 17.6 30.9 43.3 54.4
23 19 0 0 −1 0 18.2 34.7 42.2 53.8
26 20 0 0 0 0 18.4 32.4 42.5 56.7
3 21 1 −1 −1 −1 18.9 31.8 46.6 64.6
6 22 −1 1 −1 1 19 33.5 36.7 47.8
22 23 0 1 0 0 18.8 32.3 41.2 54.8
31 24 0 0 0 0 18.6 31.3 43.4 54.3
21 25 0 −1 0 0 18.2 31.0 41.4 58.4
18 26 0 0 0 1 19.4 35.7 44.7 52.2
20 27 1 0 0 0 19.1 35.4 46.8 59.8
9 28 −1 −1 1 −1 16.9 29.2 40.7 58.9
24 29 0 0 1 0 18.7 33.3 45.8 56.2
11 30 1 −1 1 −1 18.3 35.3 44.8 64.4
25 31 0 0 0 0 18.6 32.2 45.7 54.7

3. Results and Discussion
3.1. Effect of Each Admixture Alone on Compressive Strength of Mortars

The results of all the compressive strength tests are shown in Table 4 and the effect of
each chemical additive (CF, TEA, TIPA and NS) on the strength development of Portland
cement mortars is first discussed in Figure 1. With the addition of CF, the strength of
mortars was improved at all the curing days. The strength enhancement at 1 d, 7 d and
28 d (10.8%, 11.5% and 16.6%, respectively) was more significant than that at 3 d (5.5%)
in the mortar with CF mixed only. The addition of TEA had little effect on the strength
of mortars, and the strength was only increased by 3% at 1 d. With the addition of 0.05%
TIPA only, the strength of the specimen was increased by 1.2% and 6.3% at 1 d and 28 d,
respectively, but it was not conducive to strength at 3 d and 7 d. In addition, it can be seen
in Table 4 that the strength enhancement of mortars by adding SS alone was 17.4%, 15.6%,
2.9% and −11.6% at 1 d, 3 d, 7 d and 28 d, respectively. Obviously, the incorporation of
SS could significantly improve the early strength of cement, but it was detrimental to the
strength at later curing age (28 d).

Table 4. ANOVA of the final CCFD models for compressive strength of mortars.

1 d Strength 3 d Strength 7 d Strength 28 d Strength

Term Coef. t p Term Coef. t p Term Coef. t p Term Coef. t p

Const. 16.830 351.65 0 Const. 30.889 153.04 0 Const. 41.728 106.47 0 Const. 57.84 242.45 0
x1 0.772 6.86 0 x1 0.799 5.52 0 x1 2.606 7.37 0 x1 3.046 10.26 0
x4 1.156 12.42 0 x3 −57.4 −2.41 0.024 x2 56.2 4.29 0 x2 −32.7 −6.86 0

x1x4 −0.3 −4.11 0 x4 1.844 6.55 0 x2x2 −2336 −2.68 0.013 x4 −4.609 −11.08 0
x1x3 30.3 2.53 0.018 x1x4 1.281 4.02 0

x1x2 −49.8 −3.9 0.001
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Table 4. Cont.

1 d Strength 3 d Strength 7 d Strength 28 d Strength

Term Coef. t p Term Coef. t p Term Coef. t p Term Coef. t p

LoF 0.199 LoF 0.794 LoF 0.5 LoF 0.322
R2 88.99% R2 76.69% R2 74.75% R2 92.46%

Linear 0 Linear 0 Linear 0 Linear 0
Square 0 Square 0 Square 0.013 Square 0
Interaction 0 Interaction 0.018 Interaction 0 Interaction 0
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Figure 1. Effect of each admixture on the compressive strength of mortars (the content of each
admixture refers to the high level in Table 3).

3.2. Statistical Model for Assessing the Interactive Effects of Chemical Admixtures

The interactive effect of CF, TEA, TIPA and SS on the strength development of Portland
cement pastes was evaluated based on CCFD and the ANOVA of the models, and the
results of analysis of variance are shown in Table 4. The following equations were used to
express the mathematical models for the strength of Portland cement mortar, with different
additives expressed by the Equations (2)–(5):

y1d = 16.830 + 0.772x1 + 1.156x4 − 0.300x1x4 (2)

y3d = 30.889 + 0.799x1 − 57.4x3 + 1.844x4 + 30.3x1x3 (3)

y7d = 41.728 + 2.606x1 + 56.2x2 − 2336x2
2 (4)

y28d = 57.840 + 3.046x1 − 32.7x2 − 4.609x4 − 49.8x1x2 + 1.281x1x4 (5)

Some items such as x2x3, x2x4, x3x4, x1
2, x3

2 and x4
2 are not shown in Table 4 and

Equations (2)–(5), which means these items (p-values are all over 0.05) are not significant
statistically. As shown in Table 4, all the LoF values are greater than 0.05, indicating that
the models are satisfied. The p-values of all items are less than 0.05, indicating that they
have a significant influence.

The efficiency of each item in increasing or decreasing the strength of cement mortars
was represented by using the absolute t-value of the significant items, as shown in Figure 2.
Only the addition of CF and SS had a significant effect on the strength at 1 d among the
four chemical additives. As shown in Figure 2a, the effectiveness of SS accounts for 53.1%
while the strength enhancement coming from CF accounts for 29.3%, which means that SS
is predominant for the strength increase at 1 d. Furthermore, a negative interactive effect
between SS and LS can be seen for 1 d strength, which means the dual admixture of SS and
CF has a certain hindering effect on its effectiveness in accelerating cement hardening at
1 d (effectiveness of the interactions accounts for 17.6%). At 3 d curing age, the addition
of CF and SS still contributed to the strength enhancement of mortars. The effectiveness
of SS and CF accounts for 38.5% and 32.5%, respectively. In addition, a positive effect of
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TIPA (effectiveness accounts for 14.2%) and a negative interactive effect between TIPA and
CF (effectiveness accounts for 14.9%) were found at 3 d. Moreover, SS had no interactions
with other chemicals, which is only conducive to 3 d strength improvement in a linear
way. The square term appeared at 7 d. The effectiveness of CF accounts for 51.4% and
the contribution of TEA to the 7 d strength accounts for 48.6% (TEA + TEA2) as shown in
Figure 2c, which means that TEA has an important effect on the strength of mortars at 7 d.
As the curing age increased, the strength model became more complex at 28 d. Effectiveness
of SS, CF and TEA accounts for 30.7%, 28.4% and 19.0%, respectively. Effectiveness of
the interactions between CF versus SS and CF versus TEA accounts for 11.1% and 10.8%,
respectively, which are lower than that of single chemical at 28 d.
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Figure 2. Pareto chart for the effectiveness of admixtures contributing to the strength development of
mortars at different curing ages: (a) at 1 d, (b) at 3 d, (c) at 7 d, (d) at 28 d.

3.3. Interactive Effect of Chemical Admixtures on Compressive Strength of Mortars

Some items have negative coefficients (such as x1x4 in Equation (2), x3 in Equation (3),
x2

2 in Equation (4), x2x4 and x1x2 in Equation (5)). However, this does not imply that
these elements will have a detrimental influence on mortar strength development. This is
because these coefficients can only be computed by closely fitting the model provided in
Equation (1). In other words, the coefficients have no bearing on how the related factors
behave. They are used to forecast the result when each item is held constant at a specific
value. In Figures 3–6, contour plots displayed as a function of two items at a time were
used to further demonstrate the behaviors of the factors.
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Figure 3. Effect of CF and SS on the 1 d strength of cement mortars.
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Figure 5. Effect of CF and TEA on the 7 d strength of cement mortars.
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3.3.1. Interactive Effect of Chemical Admixtures on 1 d Strength

As statistical effects of TEA or TIPA on 1 d compressive strength were not found in
Equation (2), just the contour of CF versus SS is shown in Figure 3. The distribution of the
strength contour line illustrates the linear and interactive correlation between CF and SS.

The coefficients of x1x4 are negative in Equation (2), which means the interaction of
SS and CF has a negative effect on the strength of mortar at 1 d. The reaction between
SS and Ca(OH)2 generated by cement hydration will produce NaOH and gypsum, which
can accelerate the consumption of Ca(OH)2 and further accelerate the silicate reaction and
aluminate reaction [21]. However, when CF and SS are mixed into concrete, they will react
with each other to form sodium formate and gypsum, which hinders the consumption of
Ca(OH)2 by SS and thus reduces the effectiveness of SS in improving the early strength of
concrete. In addition, the formation of gismondine is the major reason why CF accelerates
the early hardening of cement [10]. Gismondine can be precipitated from the reaction
of silicate with the released aluminate or AH3 and the formation of gismondine usually
requires the material system to have a relatively high concentration of aluminate [29,30].
However, the addition of SS will accelerate the aluminate reaction and reduce the aluminate
concentration which decreases the formation of gismondine and thus affects the early
acceleration of CF on concrete.

Although the interaction of CF and SS will hinder their positive effect on the strength
at early age, the 1 d strength of cement mortar was still increased with the increasing
content of both CF and SS as shown in Figure 3. In addition, the gradation along axis SS (x4)
is stronger than that along axis CF (x1), indicating that SS contributed more to the strength
enhancement at 1 d. Obviously, if the dosages of CF and SS are all 2%, the 1 d strength of
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the cement mortar calculated according to the 1 d model (Equation (2)) is maximum (the
1 d strength calculation is 19.5 MPa) while the actual strength value tested was 19.7 MPa,
with an error of 1.0%.

3.3.2. Interactive Effect of Chemical Admixtures on 3 d Strength

The behaviors of CF, TIPA and SS related to the strength development of mortars at
3 d are presented in Figure 4. According to Figure 4a,b, it is obvious that the 3 d strength of
mortar will be enhanced with the increased addition of CF (x1) and SS (x4), whether TIPA
is added. As shown in Figure 4c, obviously, the less CF is added, the greater the influence
of TEA on strength development of mortars at 3 d. If CF is not added, the 3 d strength of
mortars will be decreased significantly with the increase of TEA content. However, when
the high level of CF (2%) is added, there is almost no effect of TIPA on the 3 d strength
of mortars, which is also presented in Figure 4d. It is obvious that, if the dosage of CF
exceeds 2%, the positive interaction effect of TIPA and CF is sufficient to offset the negative
effect of TIPA on the strength of mortars at 3 d. According to Figure 4 and Equation (3), the
maximum compressive strength of the cement mortar calculated based on the 3 d strength
model is 36.2 MPa, while the actual strength value tested was 35.5 MPa, with an error
of 1.9%.

3.3.3. Interactive Effect of Chemical Admixtures on 7 d Strength

According to the 7 d strength model (Equation 4), the coefficient on x2 (TEA) was
positive and the coefficient on x3

2 was negative, implying that TEA had a positive influence
on 7 d strength until a turning point was reached. The behaviors of CF and TEA on the
strength of mortar at 7 d are illustrated in Figure 5. It can be seen that the 7 d strength of
mortars increased with the increasing dosage of CF addition. In addition, TEA appears to
have an ideal dosage (approximately 0.013%); increasing TEA below the optimum dosage
has a positive effect on compressive strength enhancement; increasing TEA above the
optimum dosage has a negative effect on compressive strength enhancement. According
to Figure 5 and Equation (4), the maximum compressive strength of the cement mortar
calculated based on the 7 d strength model is 47.3 MPa.

3.3.4. Interactive Effect of Chemical Admixtures on 28 d Strength

The simulation results of compressive strength at 28 d are shown in Figure 6. The
holding encoded values of CF (x1 in Figure 6a,b) are low level (−1) and high level (+1).
In Figure 6c,d, the holding encoded values of SS (x4) are the same as those of CF. It can
be easily seen that the 28 d compressive strength decreased with the increasing dosage
of TEA. Furthermore, as shown in Figure 6a,b, the negative effect of TEA on the 28 d
strength in the presence of high dosage of CF was stronger than that in low dosage of
CF. Combined with Equation (5), it is obvious that TEA itself has a negative effect on the
strength of mortar and TEA will also hinder the positive effect of CF on the strength of
mortar at 28 d. The behaviors of CF and SS without TEA are presented in Figure 6e. It
can be seen from Equation (5) that the interaction between SS and CF is beneficial to the
28 d compressive strength. However, according to Figure 6e, the addition of SS reduces
the overall 28 d strength of mortars even at a high dosage presence of CF. According to
Figure 6f and Equation (5), the maximum compressive strength of the cement mortar at
28 d calculated based on the 28 d strength model is 63.7 MPa, while the actual strength
value tested was 64.6 MPa, with an error of 1.7%.

4. Conclusions

In this paper, the effects of CF, TEA, TIPA and SS on the strength development of
cement mortars were studied. In addition, the interaction effects of the above four chemical
admixtures were discussed based on CCFD. Through the investigation, the following
conclusions can be drawn.
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(1) The addition of CF could enhance the compressive strength of Portland cement
mortars at all the curing days. SS contributed significantly to the compressive strength
of mortars at early ages of curing (1 d and 3 d) but was not noticeable or even
detrimental to concrete strength at the later ages. TIPA could improve the strength
development at 1 d but had almost no impact at other curing days. TEA had a positive
impact on 1 d and 28 d strength but had no noticeable or even had a small detrimental
impact on 3 d and 7 d strength.

(2) As the 1 d strength model shows, only CF and SS had a significant effect on the
compressive strength of mortar at 1 d. Although the interaction of CF and SS would
hinder their respective positive effect on the strength of mortars, the 1 d strength of
cement mortar still increased with the increasing content of both CF and SS.

(3) There was a negative effect of TIPA and a positive interactive effect between TIPA and
CF on the compressive strength at 3 d. If the dosage of CF exceeded 2%, the positive
interactive effect of TIPA and CF was sufficient to offset the negative effect of TIPA on
the strength of mortars at 3 d.

(4) The effects of SS and TIPA disappeared at 7 d and the effect of TEA and square term
(TEA2) appeared in the quadratic 7 d strength model. TIPA had a positive influence
on 7 d strength until a turning point was reached, and the optimum dosage was
approximately 0.013%.

(5) The 28 d strength model indicated that the interactive effects of CF with TEA and
SS occurred. TEA itself and the interaction between TEA and CF both had negative
effects on the strength of mortar at 28 d. In addition, SS itself had a significant negative
effect on the 28 d strength. Thus, although SS could strengthen the effect of CF, the
28 d strength enhancement only depended on the dosage of CF.

As a conclusion, the CCFD employed in this work to study the interaction effects of
CF, TEA, TIPA and SS may offer a new perspective on the research and development of
composite admixtures.
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