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Abstract

To address the technical challenges of hydration retardation and low early strength of
foamed concrete in low-temperature environments of cold regions, this study investi-
gated the effects of low-temperature curing (cycling between -5 °C and 5 °C) on the me-
chanical properties and microstructure of foamed concrete. Single-factor experiments
were conducted to explore the effects of triethanolamine (TEA), urea, and polypropylene
fibers (PPF) on the mechanical performance of foamed concrete. A response surface
methodology (RSM) was employed to establish regression models between the dosages
of each component and the compressive strength (CS), thereby determining the optimal
mix proportion under low-temperature curing. The experimental results indicate that in-
creasing the urea dosage leads to an increase in the flowability of foamed concrete, and
the effects of the three types of admixtures on the CS all exhibit a non-linear characteris-
tic that first increases and then decreases. The significance of the three factors on the CS
of the material follows the order: TEA > PPF > urea. The obtained optimal mix propor-
tion is 0.052% TEA, 1.08% urea, and 0.194% PPF, yielding 3, 7, and 28 d CS of 1.088 MPa,
1.342 MPa, and 2.301 MPa, respectively. Microstructural analysis via SEM observations
and XRD analysis suggest that the admixtures effectively compensate for the hydration
retardation induced by low temperatures, promoting the abundant generation of needle-
like ettringite (AFt) and C-S-H gels that interweave into a dense network, thereby
achieving higher strength. This study provides a theoretical basis and technical support
for the low-temperature construction of foamed concrete subgrades in cold regions.

Keywords: foamed concrete; low-temperature environment; admixtures; mechanical
properties; response surface methodology (RSM); microstructure

1. Introduction

With the advancement of the “Belt and Road” initiative, Xinjiang has emerged as
the core hub of the Silk Road Economic Belt, driving increasing demand for transporta-
tion infrastructure in alpine regions. The alpine permafrost widely distributed across
this area is highly sensitive to thermal variations [1]. The construction and operation of
highways inevitably impose anthropogenic thermal perturbations on the foundation,
disrupting its pristine isothermal state and inducing permafrost thaw. This thermal
degradation subsequently triggers engineering hazards such as differential subgrade
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settlement, pavement cracking, and frost heaving, presenting severe challenges to traffic
safety [2]. Mitigating these cracking risks necessitates precise prediction of restrained
stress, where accounting for in situ creep is critical for accurate stress modeling [3].

A key strategy for maintaining the thermal stability of permafrost lies in construct-
ing high-efficiency insulation layers. Organic materials, such as extruded polystyrene
(XPS), have been extensively applied in permafrost engineering due to their low thermal
conductivity [4]. Wang et al. [5] found that a novel double-layer polyurethane structure
can serve as a “sealing cap” to block moisture migration, thereby significantly reducing
thaw depth. However, these organic materials exhibit inherent deficiencies in engineer-
ing practices, such as low CS and susceptibility to degradation and aging. In contrast,
foamed concrete offers several advantages in terms of mechanical performance and ther-
mal insulation properties [6]. Generally, foamed concrete with a density class ranging
from 300 to 2000 kg/m? possesses a thermal conductivity of 0.08-0.3 W/(m‘K), offering a
thermal resistance approximately 10 to 20 times that of conventional concrete [7,8].
Based on practical engineering cases, Huang et al. [9] analyzed the primary distress
types and failure mechanisms in permafrost subgrades, and proposed corresponding
construction techniques utilizing foamed concrete. Owing to its outstanding characteris-
tics, load-reduction, and thermal insulation performance, foamed concrete has become a
preferred solution for high-altitude highway construction in Xinjiang. It has been de-
ployed on a large scale in key subgrade stabilization projects, including the S301 Kuixian
Daban, G217 Duku Highway, and G218 Naba Expressway, validating its substantial ap-
plication potential through engineering practice.

Nevertheless, during construction in the high-altitude mountainous areas of
Xinjiang, the prolonged low-temperature environment severely hinders the develop-
ment of early-age strength, representing a critical technical challenge that requires ur-
gent resolution. Ning et al. [10] noted that low-temperature curing exerts a significant in-
hibitory effect on the microstructural evolution and mechanical property development
of concrete. Taking the G218 Naba Expressway as an example, the average daily temper-
ature during the construction period remains between -5 °C and 5 °C. In such a low-
temperature environment, foamed concrete construction faces dual physical and chemi-
cal predicaments: on one hand, the hydration kinetics of cement are severely retarded,
resulting in sluggish early-age strength growth; on the other hand, the volume expan-
sion of mixing water during ice crystallization directly punctures and destroys the bub-
ble walls. This structural damage abnormally increases pore connectivity, leading to a
drastic degradation in durability [11,12]. To counteract the slow cement hydration at low
temperatures, extensive research has been conducted worldwide. Huang et al. [13]
found that under large diurnal temperature variations, foamed concrete with a water-ce-
ment ratio of 0.5 exhibits better environmental adaptability than that with a ratio of 0.6.
Regarding chemical admixtures, Demirboga et al. [14] found that utilizing urea as an an-
tifreeze agent significantly improves the early-age performance and microstructural in-
tegrity of concrete at temperatures above -5 °C; however, its effectiveness is limited un-
der more severe sub-zero conditions. Mwaluwinga et al. [15] and Wang et al. [16] re-
ported that urea can effectively mitigate hydration heat and markedly improve the
flowability, shrinkage strain, and carbonation resistance of concrete. Han et al. [17] and
Ramachandran [18] revealed that TEA can accelerate tricalcium aluminate C3A hydra-
tion and promote the transformation of AFt to monosulfate calcium sulfoaluminate
(AFm), thereby shortening the setting time. However, TEA exhibits a dual effect because
it can inhibit alite (C3S) hydration, the primary phase responsible for strength develop-
ment, resulting in a critical dosage threshold. Therefore, determining the optimal TEA
dosage that balances its effects on different mineral phases is essential. Additionally, the
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incorporation of PPF can exert a bridging reinforcement effect on the pore structure of
foamed concrete, but dosages exceeding the threshold tend to induce extra internal
voids, thereby weakening the macro-mechanical properties [19-21].

In summary, while the antifreeze and early-strength technologies for conventional
concrete have been widely documented, foamed concrete is highly sensitive and unique
under low-temperature frost action due to its complex pore structures and fragile bubble
walls [22]. Current literature predominantly focuses on performance modifications using
a single type of admixture, whereas investigations into the multi-component combined
mechanisms remain sparse. Specifically, TEA accelerates early cement hydration kinetics,
urea depresses the freezing point of pore solution while maintaining hydration under
sub-zero conditions, and PPF bridges microcracks and reinforces fragile cellular walls.
Combining these components is expected to yield a multi-level combined effect: TEA
and urea cooperatively promote early hydration and microstructural densification at
low temperatures, while PPF mitigates macro/micro-crack propagation induced by ther-
mal stress and ice crystallization pressure, thereby protecting the delicate pore skeleton.
Therefore, this study targets the typical cold-region engineering scenario of a =5 °C to 5
°C temperature cycle. By incorporating a composite functional admixture system (TEA-
urea-PPF), this study systematically investigates its cooperative regulation on the me-
chanical property evolution and microstructural hydration product development of
foamed concrete, and optimizes the multi-objective mix proportions via RSM. The find-
ings aim to provide a solid theoretical basis and technical support for the low-tempera-
ture construction of foamed concrete subgrades in cold regions.

2. Experimental Program
2.1. Materials

Ordinary Portland cement (P-O 42.5 grade, Xinjiang Fukang Tianshan Cement Co.,
Ltd., Urumgqi, China) served as the primary binder, with its physical and mechanical
properties summarized in Table 1. A commercial YS5-801 cement foaming agent, supplied
by Beijing Yashe Building Materials Technology Co., Ltd. (Beijing, China), was utilized to
produce the pre-formed foam. Industrial-grade urea (H,NCONH)3), purity 299.0%, pro-
duced by Tianjin Beilian Fine Chemicals Development Co., Ltd. (Tianjin, China), was
employed as the antifreeze agent. Triethanolamine (TEA), purchased from Tianjin
Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China), served as the early-strength agent,
with its technical specifications listed in Table 2. A JB-I standard polycarboxylate super-
plasticizer, a light-yellow transparent solution, was incorporated to improve workability,
and its primary technical indices are presented in Table 3. Additionally, the technical
properties of the PPF used in this study are detailed in Table 4.

Table 1. Technical Indicators of Cement.

Water

CS (MPa) Flexural Strength (MPa) Setting Time (Min)
Consumption
Loss on
Ienition (%) for Standard Initial
BRHONTRT " Consistency 3d 28d 3d 28d ] Final Setting
Setting
(%)
2.78 25.6 25 49.8 6.4 8.7 200 270
Table 2. Key Technical Indicators of TEA.
N(CH,CH,OH)3(%) Relative Density Refractive Index Burning Residue (%)
299% 1.12-1.13 1.482-1.485 <0.1
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Table 3. Key Technical Indicators of superplasticizer.

Water Reduction

CS Ratio (%)

Gas Dosage (%) CI(%)

Rate (%) gete ’ 3d 7d 28d

27 3.2 0.01 162 157 149

Table 4. Key Technical Indicators of PPF.
Tensile Strength . .
Color (MPa) Elastic Modulus (MPa) Diameter (um) Length (mm)
a

Milky white 469 4236 327 6

2.2. Experimental Methods
2.2.1. Mix Design and Preparation

The preparation of foamed concrete specimens was conducted in strict accordance
with the Test methods for foamed concrete and its products (GB/T 43487-2023 [23]). The
target wet density of the foamed concrete was set at 800 kg/m?, with a water-cement ra-
tio of 0.45. The foaming agent featured a dilution ratio of 40, an expansion ratio of 400,
and a foam density of 50 kg/m®. Because foam dosage is the primary factor governing
the wet density of fresh slurry, preliminary trial mixtures were conducted to determine
the appropriate dosage required to achieve the target wet density of 800 kg/m>. Based on
these trials, the foam dosage was determined as 7% of the cement mass. To evaluate the
material properties, the mixture was cast into cubic specimens with dimensions of 100
mm x 100 mm x 100 mm.

Distinct curing strategies were intentionally implemented for the single-factor ex-
periments and the RSM optimization, primarily governed by the early-age hardenable
characteristics of the matrix under sub-zero conditions. In the single-factor experimental
phase, the control group (without any admixtures) failed to achieve the minimum re-
quired demolding strength under continuous sub-zero temperatures due to the severe
retardation of cement hydration. Consequently, to establish a unified and feasible mold-
ing baseline across all the single-factor groups, these specimens were initially cured at
ambient temperature for 12 h until demolding strength was achieved. Afterward, they
were transferred to a constant temperature and humidity chamber under a cyclic tem-
perature range of =5 °C to 5 °C until specified testing ages of 3, 7, and 28 d for CS and
splitting strength (SS) tests. This curing temperature regime was established based on
the average pavement temperature recorded from daily continuous monitoring con-
ducted from March to November 2024 along the G218 Naba Expressway (the field-mea-
sured data and the simulated laboratory temperature profile are presented in Figures
1 and 2, respectively). To reproduce diurnal temperature fluctuations, each temperature
cycle lasted 24 h and consisted of four stages: cooling from +5 °C to -5 °C over 8 h (-1.25
°C/h), holding at -5 °C for 4 h, heating from -5 °C to +5 °C for 8 h (1.25 °C/h), and a high-
temperature holding phase at +5 °C for 4 h. The specimens were not externally saturated
with water during or after curing. Conversely, for the RSM optimization phase, since all
the formulations contained composite early-strength and antifreeze components that im-
parted immediate cryo-protection, the specimens were directly placed into the -5 °C to 5
°C cyclic temperature environment immediately after casting, and cured until 3, 7, and
28 d for CS testing.
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Figure 2. Curing temperature profile.

The 12 h ambient-temperature pre-curing period in the single-factor experiments
provided a critical window for initial C-S-H gel nucleation and capillary skeleton forma-
tion, resulting in a substantially higher early degree of hydration compared to the RSM
groups subjected to direct sub-zero curing. Consequently, the single-factor specimens

systematically exhibited higher absolute

macro-mechanical strength values at corre-
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sponding ages. While this methodological distinction allowed the single-factor stage to
isolate individual additive trends under a feasible curing condition, it directly limits the
direct quantitative comparison of absolute strength parameters between the two experi-
mental stages. Therefore, this procedural difference constitutes a limitation of the
present study.

2.2.2. Single-Factor Experiments Design

The preliminary dosage ranges were selected as follows: 0.1% to 0.4% for PPF, 0% to
5% for urea, and 0% to 0.06% for TEA. By performing CS and SS tests, the influence laws
of each individual factor on the mechanical strength of the specimens were evaluated.
These findings subsequently served to establish the optimal ranges and specific factor-
level thresholds for the subsequent RSM analysis.

2.2.3. Response Surface Methodology Experiments Design

To further elucidate the multi-component synergistic interactions among the vari-
ables, a Box-Behnken design (BBD) was employed to construct multi-factor interaction
models for the multi-objective mix optimization. The CS at specified curing ages was se-
lected as the target response variable. For each experimental matrix point, triplicate
specimens were tested and averaged to ensure a reliable statistical output. Based on the
suitable dosage ranges obtained from the single-factor experiments, the dosages of urea,
TEA, and PPF were designated as the independent variables, with three distinct coding
levels of -1, 0, and 1 assigned to each factor (the detailed factor levels are compiled in
Table 5).

Table 5. Determination of influencing factors and levels.

Level Factor
Dosage of TEA (%) Dosage of Urea (%) Dosage of PPF (%)
-1 0.04 0 0.1
0 0.05 1 0.2
1 0.06 2 0.3

2.3. Testing Methods
2.3.1. Physical and Mechanical Property Tests

In compliance with the Technical Specification for Application of Foamed Concrete
(JGJ/T 341-2014), the flowability of the fresh slurry was evaluated. The CS and SS of the
hardened foamed concrete were determined using an HYZ/YAM constant-loading rate
cement testing machine. To ensure data reliability and testing precision, a constant load-
ing rate of (2.0 + 0.5) kN/s was strictly maintained throughout the loading process.

2.3.2. Microstructural Characterization

Scanning Electron Microscopy (SEM): Following the macro-mechanical testing, rep-
resentative fractured fragments extracted from the core section of the specimens were
collected as samples for microstructural analysis. These fragments were immediately im-
mersed in anhydrous ethanol to terminate the hydration reaction. Prior to observation,
the samples were oven-dried at 60 °C to a constant mass and subjected to a gold-sputter-
ing coating treatment to impart electrical conductivity. The microstructural pore configu-
rations and crystalline mineral morphologies were subsequently characterized using a
ZEISS Sigma 300 scanning electron microscope. A total of six specimens were examined
(three parallel specimens for the control group and three for the optimized compound
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admixture group). To ensure statistical representativeness and reproducibility, regions
away from edge damage induced by mechanical fracturing were selected from the core
section. For each specimen, 5-8 randomly selected fields were examined at low magnifi-
cation to assess pore structure uniformity. Representative regions containing pore walls,
microcracks, and hydration products were then selected for high-magnification
observation.

X-ray Diffraction (XRD): The hydration-terminated samples were dried in an oven
at 60 °C and then pulverized into fine powder using an agate mortar until they com-
pletely passed through a 200-mesh sieve. Phase identification was performed using a
Rigaku SmartLab SE X-ray diffractometer(Rigaku Corporation, Tokyo, Japan). The scan-
ning was executed over a 20 angular range spanning from 5° to 80°. The measurements
were conducted using Cu Ka radiation (A = 0.15418 nm) operated at an accelerating volt-
age of 40 kV and a tube current of 40 mA. Data were collected in continuous scanning
mode with a step size of 0.02° and a scan rate of 5°/min.

3. Results and Discussion
3.1. Single-Factor Experiments Results
3.1.1. Flowability Test

Figure 3 illustrates the effects of different admixture dosages on the flowability of
the fresh foamed concrete slurry. As shown in the figure, the dosage of TEA exerts a neg-
ligible impact on the flowability, with the values remaining approximately constant at
180 mm. Conversely, urea incorporation significantly affects flowability, which increases
continuously with increasing urea dosage. In contrast, the addition of PPF leads to a pro-
gressive reduction in flowability. This retarding effect is primarily attributed to the over-
lapping and interlocking network of the randomly distributed PPF, which physically
constrains the relative movement of the slurry, thereby elevating both the dynamic yield
stress and the plastic viscosity of the fresh mixture [24].

200 220 200
PP Flowability 215 PP Flowability P22 Flowability
195 195

Z1s5

190 205 190
ES 195
2180 Z 190 = 18
2115 ) _3::; 7)) 17!
w7 O |75» | | | ] e v
0 1 2 3

a 3

Flowability(mm)

165

7
0.01 0.02 0.03 0.04 0.05 0.06 5 0.1 0.2 0.3 0.4
TEA content(%) Urea content(%) PPF content(%)

(a) Effect of TEA dosage on flowability ~ (b) Effect of urea dosage on flowability  (c) Effect of PPF dosage on flowability

160 160

Figure 3. Effects of various factors on flowability.

3.1.2. Mechanical Property Test

Figure 4 illustrates the influence of different admixture dosages on the CS and SS of
the foamed concrete. As shown in Figure 4a, regarding the CS, the control group without
TEA exhibits a 3 d CS of merely 0.79 MPa, which is significantly lower than that of the
other experimental groups. This result demonstrates the limited early-age strength de-
velopment of TEA-free specimens under low-temperature conditions. With the increase
in TEA dosage, the CS progressively increased and reached its peak at a TEA dosage of
0.05%. Regarding the SS, its evolutionary trend is highly consistent with that of the CS,
both presenting a non-linear characteristic that first increases and subsequently de-
creases. Notably, the SS also achieves its maximum value at the identical TEA threshold
of 0.05%; this suggests that appropriate TEA accelerates C3A hydration and rapid ettrin-
gite formation, establishing an early skeletal framework to counteract retarded hydra-
tion at low temperatures. However, when the dosage exceeds 0.05%, both the CS and SS
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experience a pronounced decline with further additions of TEA. This phenomenon sug-
gests that excessive TEA addition may adversely affect strength development in foamed
concrete.
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Figure 4. Effects of various factors on CS and SS.

As shown in Figure 4b, urea exerts a significant effect on the strength, characterized
by an initial enhancement followed by an inhibitory action. In terms of CS, the incorpo-
ration of 1% urea increases the 3 d CS from 1.25 MPa to 1.58 MPa, indicating that 1%
urea promotes early-age hydration under low temperatures. However, further increases
in urea dosage resulted in a gradual reduction in strength. The SS exhibited a similar
variation trend to the CS, with an initial increase followed by a subsequent decrease.
Notably, the 3 d SS of the 3% urea group was even lower than that of the control group,
while the 3 d CS of the 5% urea group decreased markedly to 1.0 MPa. This reduction
suggests that excessive urea may hinder hydration product formation, resulting in a
looser internal structure and reduced compressive and tensile strength.

As observed from Figure 4c, PPF also exhibits a dosage-dependent effect on
strength development, with an initial increase followed by a subsequent decrease. The
optimal dosage of PPF was determined to be 0.2%, at which both the early-age and ulti-
mate strengths of the foamed concrete reach their peak values, yielding a 28 d CS of 2.24
MPa and a SS of 0.52 MPa. Therefore, the incorporation of PPF effectively enhanced both
the CS and SS of foamed concrete [25]. However, when the PPF dosage exceeds 0.2%, a
degradation in mechanical strength is induced. This deterioration is primarily attributed
to the following mechanisms: first, excessive fiber incorporation leads to fiber agglomer-
ation that is difficult to disperse uniformly, thereby forming localized structural defects
that act as stress concentration points; second, the redundant fibers can puncture or
squeeze the surrounding bubbles, which abnormally increases the volume fraction of in-
terconnected pores, consequently resulting in a sharp decline in the mechanical strength
of the foamed concrete [26].

3.2. Response Surface Methodology Experiments Results
3.2.1. Compressive Strength Results and Regression Model Construction

A total of 17 experimental runs were generated utilizing the Box-Behnken design
(BBD) approach. The detailed mix proportions and corresponding experimental results
are compiled in Table 6 below.
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Table 6. CS test results at different factor levels.
3dCs 7dCS 28d CS
Number TEA (%) Urea (%) PPF (%) (MPa) (MPa) (MPa)
1 0.04 0 0.2 0.66 0.94 1.67
2 0.06 0 0.2 0.76 1.17 1.9
3 0.04 2 0.2 0.76 1.14 1.76
4 0.06 2 0.2 0.82 1.11 1.92
5 0.04 1 0.1 0.75 1.18 2.06
6 0.06 1 0.1 0.77 1.12 2.13
7 0.04 1 0.3 0.72 0.93 1.77
8 0.06 1 0.3 0.92 1.15 2.15
9 0.05 0 0.1 0.67 1.12 2.01
10 0.05 2 0.1 0.81 1.27 1.99
11 0.05 0 0.3 0.84 1.15 1.88
12 0.05 2 0.3 0.81 1.11 1.91
13 0.05 1 0.2 1.08 1.32 2.25
14 0.05 1 0.2 1.12 1.37 2.34
15 0.05 1 0.2 1.05 1.33 2.28
16 0.05 1 0.2 1.07 1.31 2.32
17 0.05 1 0.2 1.11 1.35 2.24

A quadratic multiple regression analysis was performed on the experimental results
of the foamed concrete. To facilitate direct application using physical dosages, all the re-
gression models were developed using actual factor values rather than coded variables.
The regression equations establishing the relationships between the admixture dosages

and the CS ( Y] for 3d, Y, for 7 d, and Y; for 28 d CS) were constructed, as expressed in

Equations (1)—(3), where X; , X, , and X; represent the dosages of TEA, urea and PPF,

respectively:
Y, =-3.74775+161X; +0.51225X, +3.8075X; —1X; X, +45X; X3 — 0.425X, X5 - 1642.5X; 2~ 0.17175X, 2 — 13.175X5 2 )
Y, =2.89775 +153.75X; +0.62975X, ~ 0.0925X3 — 6.5X) X, + 70X; X3 ~ 0.475X, X3 ~ 1567.5X; 2~ 0.08925X, 2 - 8.425X; > )
Yy =-2.614+183.5X; +0.6215X, ~2.03X5 ~ 1.75X; X, +77.5X; X3 +0.325X, X; — 1867.5X; % - 0.28675X, 2 - 7.175X5 > ®)

3.2.2. ANOVA and Residual Analysis

To evaluate the interactive effects of the three factors, namely the dosages of TEA (

Xp),urea ( X, ), and PPF ( X5 ), an analysis of variance (ANOVA) was performed on the
regression models. The corresponding statistical parameters are summarized in Tables
7 and 8. According to the ANOVA results in Table 7, the p-values for all the curing-age
models are lower than 0.0001, indicating an extremely significant level. These results
demonstrate that the developed quadratic models can reliably describe the relationships
between admixture dosages and CS. In terms of the goodness-of-fit, the p-values of the
lack-of-fit terms for the three models are 0.7420, 0.5716, and 0.9573, respectively, all of
which are substantially greater than the significance threshold of 0.05. This insignificant
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lack-of-fit supports that the models exhibit an excellent fit to the experimental data with-
out omission of important terms. Regarding the significance levels of individual factors,
TEA, urea, and PPF exert distinct periodic characteristics on strength development. Both
TEA and PPF exhibit extreme significance across the entire curing cycle, suggesting their
paramount roles in the continuous development of CS. In contrast, the influence of urea
is predominantly concentrated in the early stage, with its statistical significance fading
by 28 d. This phenomenon implies that urea primarily participates in the early-age ce-
ment hydration kinetics, whereas its contribution to the long-term strength evolution di-
minishes markedly.

Table 7. ANOVA of Regression Model for CS.

3dCS 7dCS 28d CS

Index F-Value p-Value F-Value p-Value F-Value p-Value
Model 70.83 <0.0001 57.41 <0.0001 69.47 <0.0001
Xy 28.75 0.0011 31.11 0.0008 76.51 <0.0001

X5 14.51 0.0066 15.00 0.0061 4.34 0.0758

X5 16.74 0.0046 29.41 0.0010 34.00 0.0006

X1 X 0.6371 0.4510 32.46 0.0007 1.06 0.3369
X1X3 12.90 0.0088 37.64 0.0005 20.84 0.0026
Xp X3 11.51 0.0116 17.33 0.0042 3.66 0.0971
X 2 180.92 <0.0001 198.68 <0.0001 127.37 <0.0001

X 2 197.82 <0.0001 64.41 <0.0001 300.31 <0.0001

X5 2 116.41 <0.0001 57.40 0.0001 18.80 0.0034
Lack of fit 0.4317 0.7420 0.7615 0.5716 0.0975 0.9573

Table 8. Regression Model Fitting Statistics and Reliability Analysis.
) Adjusted Predicted  Adequate
Type Std. Dev. C.V. (%) R 5 2 .
R R Precision

3dCS 0.0251 2.89 0.9891 0.9752 0.9447 22.2319
7dCS 0.0228 1.93 0.9866 0.9694 0.9090 22.8409
28 d CS 0.034 1.67 0.9889 0.9747 0.9718 23.8467

According to the analysis in Table 8, the coefficients of determination R? for all three
curing ages exceed 0.98, and the adjusted R? values are all greater than 0.96. These statis-
tical indicators demonstrate that the designated model terms are appropriate, imparting
the regression models with superior accuracy and robust reliability. Furthermore, the
discrepancy between the adjusted R? and the predicted R? is far below the threshold of
0.2, which supports that the constructed models possess an excellent predictive capabil-
ity for experimental outcomes.

3.2.3. Interaction Analysis via Response Surface Methodology

The individual effects of each factor and their mutual interactions on the 3 d CS are
illustrated in Figure 5. As shown in Figure 5a, when the PPF dosage is fixed at the cen-
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tral level, the CS exhibits an initial increase followed by a subsequent decrease with the
escalating dosages of both TEA and urea. Notably, the response curve of TEA is signifi-
cantly steeper than that of urea. Concurrently, the F-value of TEA reaches 28.75, which is
substantially higher than that of urea (14.51), indicating that TEA had a greater contribu-
tion and statistical significance to early-age strength development. Based on the re-
sponse surfaces in Figure 5b,c, when either urea or TEA is kept constant, the CS presents
a typical dome-shaped distribution as a function of the other chemical admixture and
the PPF dosage. The interaction between TEA and PPF was highly significant, indicating
a synergistic effect between TEA-induced acceleration of hydration kinetics and PPF-in-
duced physical bridging during early-age strength development. In terms of sensitivity,
the early-age CS shows the highest sensitivity to the TEA dosage, followed by the PPF
dosage, while the urea dosage exerts the mildest influence. In summary, the hierarchy of
the factors influencing the 3 d CS is determined as follows: TEA > PPF > urea. This se-
quence is closely related to their underlying physical and chemical mechanisms: TEA
acts as a powerful catalyst that accelerates cement hydration kinetics, serving as the pri-
mary driving force for early-age strength growth [27]. Meanwhile, the randomly distrib-
uted fibers provide a stable mechanical skeleton via their physical bridging effect within
the nascent hydration products.

(edp)yiBuans aassaidwo)y
PR z

(a) TEA-urea Surface Plot (b) TEA-PPF Surface Plot (¢) PPF-urea Surface Plot

Figure 5. Response surface plots showing the effects of various factors on 3 d CS. The star symbol

indicates the optimal mix ratio calculated by the optimization software.

The individual effects of each factor and their interactions on the 7 d CS are illus-
trated in Figure 6. While the hierarchy of single factors remains consistent with the 3 d
stage (TEA > PPF > urea), the interaction dynamics undergo a distinct transition. The in-
teraction between TEA and urea plays a critical role. While their interaction is statisti-
cally insignificant at the 3 d curing age, it reaches a highly significant level (p < 0.0001)
by 7 d. This transition reflects that with the progression of cement hydration, the syner-
gistic chemical reactions between the alkaline environment provided by TEA and the
chemical constituents of urea deliver an increasingly prominent contribution to the sub-

sequent strength evolution.

(a) TEA-urea Surface Plot (b) TEA-PPF Surface Plot (c) PPF-urea Surface Plot

Figure 6. Response surface plots showing the effects of various factors on 7 d CS. The star symbol

indicates the optimal mix ratio calculated by the optimization software.
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The individual effects of each factor and their mutual interactions on the 28 d CS are
illustrated in Figure 7. Although the single-factor hierarchy consistently maintains the
order of TEA > PPF > urea across all the curing ages, the individual impacts exhibit dis-
tinct features at 28 d compared to earlier stages.

)

(a) TEA-urea Surface Plot (b) TEA-PPF Surface Plot (c) PPF-urea Surface Plot

Ty,
0

Figure 7. Response surface plots showing the effects of various factors on 28 d CS. The star symbol
indicates the optimal mix ratio calculated by the optimization software.

First, the statistical significance of TEA becomes exceptionally prominent, with its F-
value increasing to 76.51, which far exceeds those recorded at 3 and 7 d. This phenome-
non indicates that TEA not only acts as a catalyst inducing early-age cement hydration,
but the nascent mechanical skeleton it establishes during the initial stage also exerts a
decisive influence on the ultimate strength of the material. Conversely, the statistical sig-
nificance of urea experiences a pronounced decline. While urea functions as a highly sig-
nificant factor during the 3 d and 7 d stages, its p-value shifts to a statistically insignifi-
cant level by 28 d. This evolution directly reflects that the primary role of the antifreeze
agent lies in safeguarding the early-age survival environment of the fresh slurry under
low-temperature frost action, whereas its direct contribution to the 28 d ultimate
strength diminishes substantially.

3.2.4. Response Surface Optimization, Prediction, and Experimental Verification

Based on the constructed quadratic multiple regression models and the interaction
analysis among the variables, a multi-objective optimization for the foamed concrete mix
proportions was performed using the numerical optimization function in Design-Expert
13 software. As compiled in Table 9, the optimal formulation was determined as follows:
a TEA dosage of 0.052%, a urea dosage of 1.08%, and a PPF dosage of 0.194%. The opti-
mized foamed concrete achieved a 28 d CS of approximately 2.3 MPa. According to
Specifications for Design of Highway Subgrades (JTG D30—2015), the minimum re-
quired strength for subgrade filling ranges from CF0.4 to CF0.8 depending on the sub-
grade layer depth. The achieved strength (2.3 MPa) substantially exceeds these standard
requirements, providing an extra structural safety margin and improved frost durability
for cold-region subgrades.

Table 9. Optimization Results of the Response Surface Model.

3dCS 7dCS 28d CS
Item TEA (%) Urea (%) PPF (%)
(MPa) (MPa) (MPa)
Predicted
0.052 1.080 0.194 1.088 1.342 2.301
value
Measured
0.052 1.080 0.194 1.071 1.317 2.385
value
Relative
- - - 1.56 1.86 3.46
error/%
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The statistical comparison in the table indicates that the relative errors between the
model-predicted values and the actual experimental results are all lower than 4%. (The
relative error (RE, %) was calculated using Equation (4).) This narrow discrepancy sup-
ports that the derived RSM regression equations possess exceptional precision in pre-
dicting the mechanical strength of foamed concrete cured under low-temperature envi-
ronments. Consequently, the constructed models exhibit a high degree of goodness-of-fit
and robust reliability under multi-objective optimization constraints, thereby providing
a solid scientific foundation and technical reference for the practical engineering applica-
tions of foamed concrete in cold regions.

RE=IMIX1OO% 4)
Y

To visually verify the reinforcement performance of the compound admixtures,
comparative experiments were conducted between the optimal formulation group and
the blank control group (without TEA, urea, or PPF) under identical curing conditions.
Each mix proportion was tested in triplicate (n = 3), and the average values of the final
data were adopted. The experimental results are illustrated in Figure 8.
Figure 8a visually indicates the prominent enhancement effect of the compound admix-
tures on mechanical strength. Under the cyclic sub-zero curing temperature range of -5
°Cto 5 °C, the 3 d CS of the control group is only 0.33 MPa. In contrast, the CS of the op-
timized mixture increased to 1.07 MPa, approximately 3.2 times that of the control group
at 3 d and comparable to the 28 d CS of the control group. This pronounced improve-
ment supports that the incorporated chemical and physical admixtures can effectively
mitigate low-temperature retardation while significantly boosting the early-age strength
of the foamed concrete. As depicted in Figure 8b, the acceleration effect of the compound
admixtures is particularly pronounced during the early curing stage. The mechanical
strength of the blank control group develops sluggishly and is predominantly estab-
lished during the later curing stages. Conversely, the admixture-modified group exhibits
a distinct leftward shift in the strength growth centroid (i.e., accelerated early-stage
strength kinetics), where its 3 d CS already reaches 44.6% of its 28 d ultimate strength.
This behavior suggests that the combined admixtures promoted the nucleation and
growth of hydration products under low-temperature conditions, thereby providing a

favorable microstructural basis for subsequent strength development.
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Figure 8. Comparison of CS and strength growth between the optimal group and the blank group.
3.3. Mechanism Analysis

3.3.1. Microstructural Morphology Analysis

In this study, a comparative analysis was performed on the microstructural charac-
teristics of the 7 d cured specimens containing the compound admixtures (TEA + urea +
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PPF) and those of the blank control group (without admixtures), as illustrated in
Figure 9. It is observed that, under the synergistic effect of the compound admixtures,
the pores within the foamed concrete matrix exhibit a predominantly regular spherical
morphology [28], with smooth pore walls and enhanced structural continuity. The over-
all matrix exhibited a denser microstructure, with no obvious penetrating cracks de-
tected. In contrast, the internal structure of the control group specimens appears rela-
tively porous and loose, characterized by irregular pore shapes and significant inter-pore
spacing. Notably, numerous distinct cracks are observed at the boundaries and junctions
of larger pores, indicating a pronounced structural brittleness and non-uniform stress
distribution within the matrix.

i

. g N & 4
(a) 7 d Microstructure pore network with TEA, urea and PPF  (b) 7 d Microstructure pore network without TEA, urea and PPF
(Mag =50x) (Mag = 50%)

Figure 9. SEM images showing the macro-pore structure of foam concrete.

This microstructural enhancement is suggested to be primarily attributed to the ac-
celerated hydration reaction of cement induced by the compound admixtures. As shown
in Figure 10, the hydration process of the control group (Figure 10b) appears to be signif-
icantly inhibited under low-temperature conditions, resulting in a matrix surface with
only a small number of scattered needle-like crystals and limited hydration products. In
contrast, the specimens containing 0.05% TEA and 1% urea (Figure 10a) exhibit distinct
microstructural characteristics. The incorporated admixtures appear to effectively com-
pensate for the low-temperature-induced hydration retardation, facilitating the abun-
dant growth and interweaving of needle-like AFt crystals and C-S-H gel into a dense, in-
terconnected network [29]. This refined microstructure strengthened the pore walls, fill-
ing the structural voids, and suppressing the initiation and propagation of micro-cracks,
thereby contributing to the significant improvement in the macroscopic mechanical
properties of the foamed concrete.

— o) g

(a) 7 d Surface view with TEA, urea and PPF (Mag = 1000x)(b) 7 d Surface view without T, urea and PPF (Mag = 1000x)

Figure 10. SEM images of pore surface morphology.

3.3.2. Hydration Products Analysis

To identify and analyze the phase composition of the hydration products in foamed
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concrete with varying dosages of TEA and urea, X-ray diffraction (XRD) characterization
was conducted. In Figure 11a, X-1, X-2, and X-3 correspond to TEA dosages of 0, 0.05%,
and 0.06%, respectively. In Figure 11b, X-4, X-5, and X-6 represent urea dosages of 0, 1%,
and 3%, respectively. Comparison of the diffraction peak intensities supports that the
characteristic peaks of AFt and calcium hydroxide (CH) in samples X-2 and X-3 were sig-
nificantly stronger than those in the control sample X-1. This observation is consistent
with the hypothesis that TEA markedly accelerates the early-stage reactions between
aluminates and gypsum, as well as the overall hydration degree of silicates.
Furthermore, the peak intensities for X-2 and X-3 are remarkably similar, suggesting that
a TEA dosage of 0.05% approaches the saturation threshold for its synergistic effect in
this system.

X3 X-6
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(a) X-ray diffraction patterns of foamed concrete with different  (b) X-ray diffraction patterns of foamed concrete with different
TEA dosages urea dosages

Figure 11. XRD patterns of foamed concrete with different additive dosages.

As suggested by the XRD patterns, the incorporation of a small amount of urea
leads to a substantial increase in the diffraction peak intensities of AFt and CH, indicat-
ing that urea effectively accelerates the conversion of clinker minerals into strengthening
hydration phases by optimizing the ionic environment at low temperatures. However,
when the urea dosage increases to 3%, the peak intensities of the major hydration prod-
ucts decrease compared to the 1% dosage group. This finding implies that under low-
temperature conditions, urea exerts a promotional effect on the hydration of foamed
concrete at low dosages. Conversely, an excessive dosage of urea exhibits an inhibitory
effect on the formation of hydration products.

4. Conclusions and Recommendations

Based on the experimental investigation and analysis, the following conclusions are
drawn:

(1) Single-factor experiments indicate that urea dosage exhibits a positive correlation
with the flowability of the foamed concrete, whereas PPF dosage exhibits a negative
correlation. The effects of TEA, urea, and PPF on CS all follow an “increase-then-de-
crease” trend, with optimal dosage ranges identified as 0.04-0.06%, 0-2%, and 0.1-
0.3%, respectively.

(2) RSM models demonstrate an excellent goodness-of-fit (R* > 0.98), verifying that the
significance hierarchy of factors influencing the CS is TEA > PPF > urea. Based on
the optimization models, the optimal mix proportions for the foamed concrete were
determined as 0.052% TEA, 1.08% urea, and 0.194% PPF.

(3) SEM microstructural analysis suggests that the incorporation of TEA and urea helps
optimize the pore structure of the foamed concrete, appearing to result in a more re-
fined and uniform pore size distribution. Furthermore, these admixtures appear to
work synergistically to establish a denser microstructural skeleton, which likely
contributes to the observed improvements in macroscopic mechanical performance.
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(4) XRD phase analysis indicates that TEA and urea exert a synergistic effect on en-
hancing cement hydration. They appear to accelerate the hydration kinetics of alu-
minates and silicates, leading to an apparent increase in key hydration products,
such as AFt and CH. Specifically, the hydration-promoting effect of TEA seems to
approach saturation at a dosage of 0.05%, while urea exhibits a dose-dependent ef-
fect on the formation of hydration products, characterized by promotion at moder-
ate dosages and potential inhibition at higher dosages.

Under low-temperature curing conditions, the developed foamed concrete attained

a 28 d compressive strength of approximately 2.3 MPa. From an engineering perspective,
this strength level fulfills the core functional requirements for non-load-bearing thermal
insulation layers and lightweight subgrade fills in cold-region highway construction.
This study established an optimized mix design strategy for foamed concrete under low-
temperature conditions through single-factor experiments and RSM, and clarified the
strengthening mechanisms associated with TEA, urea, and PPF. However, several limita-
tions remain to be addressed. The laboratory simulations, while based on field-mea-
sured diurnal temperature cycles, may not fully capture the complexity of real-world
service conditions; thus, more diverse and stringent hygrothermal coupling conditions
should be explored. Furthermore, while this study primarily focuses on early-age kinet-
ics and 28 d mechanical strength, the long-term durability of foamed concrete, particu-
larly its resistance to freeze-thaw cycles, remains critical for cold-region infrastructure.
In addition, given the crucial role of thermal insulation in cold and seasonal frost re-
gions, comprehensive evaluations of thermal properties—including thermal conductiv-
ity, heat capacity, and the thermal conductivity coefficient (A) —were not covered in this
strength-focused phase. Therefore, future research will systematically integrate long-
term durability evaluations and detailed thermal property measurements to further eval-
uate the service performance and thermo-mechanical reliability of the developed foamed
concrete in severe cold environments.
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