ﬂ buildings

Article

Design of Low-Heat and Crack-Resistant Mass Concrete: Mix
Proportioning and Influence of Critical Parameters

Guangyao Zhai !, Xiaoliang Xu >*, Yinguang Wang "*, Yang Xiao 2 and Yangiang Chen !

W) Check for updates

Academic Editor: Bo-Tao Huang

Received: 8 April 2026

Revised: 1 May 2026

Accepted: 14 May 2026

Published: 21 May 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 China Construction 4th Engineering Bureau 6th Co., Ltd., Hefei 230000, China;
zhaiguangyao@zjsjlgs.cn (G.Z.); 230169462@aa.seu.edu.cn (Y.C.)

2 Tongji Architectural Design (Group) Co., Ltd., Shanghai 200092, China; 12xy@tjad.cn

Correspondence: 12xxl@tjad.cn (X.X.); wangyinguang@zjsjlgs.cn (Y.W.)

Abstract

Mass concrete is prone to cracking induced by high early-age temperature rise and signifi-
cant shrinkage stress, which severely compromises structural durability and safety. Aiming
to achieve “low temperature rise and high crack resistance,” this study systematically
optimized raw material selection and conducted experimental investigations on mix pro-
portioning and the influence of critical parameters. The proposed design was subsequently
validated through a field application. The results indicate that a fly ash content of 35%
effectively improves workability, mitigates early-age shrinkage and reduces the heat of
hydration. The incorporation of a high-performance expansive agent not only retards the
hydration process and delays the temperature peak but also generates compensatory expan-
sion at early ages, significantly reducing shrinkage during the cooling phase. Additionally,
a polypropylene fiber dosage of 1.2 kg/m? was found to optimally balance workability
with crack resistance enhancement, resulting in less than 5% reduction in early-age strength.
Field applications demonstrate that the concrete with the optimized mix proportion exhibits
excellent workability and rapid early strength development. Specifically, the expansive
agent delayed the temperature peak to 78 h and generated significant chemical expansion,
effectively compensating for shrinkage caused by cooling. The findings provide critical
insights into the construction-stage behavior of mass concrete, enabling improved safety
control through better prediction and mitigation of early-age thermal and shrinkage ef-
fects. This study offers theoretical and technical support for the design of mass concrete
characterized by low temperature rise and high crack resistance.

Keywords: mass concrete; low temperature rise; crack resistance; mix design; fly ash;
expansive agent; polypropylene fiber

1. Introduction

Mass concrete is a fundamental material in modern civil engineering, extensively
employed in large-scale infrastructure such as high-rise buildings, dams, bridges, and
nuclear power plants due to its structural integrity and durability [1-3]. However, a
significant challenge arises from its inherent propensity for early-age thermal cracking,
which is primarily driven by the exothermic nature of cement hydration, the low thermal
conductivity of concrete, and the restrained boundary conditions prevalent in massive
sections [4,5]. This temperature rise generates internal thermal gradients and stress, and
when coupled with autogenous and drying shrinkage, can lead to cracking that severely
compromises structural integrity, long-term durability, and service life [6-8].
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The thermal and shrinkage behavior of mass concrete is a complex phenomenon
influenced by a multitude of interrelated factors. The composition of the cementitious
matrix is paramount. Ordinary Portland Cement (OPC), as the primary binder, releases
substantial heat, predominantly from the hydration of tricalcium aluminate (C3A) and
tricalcium silicate (C3S) [9]. Cement fineness (specific surface area) further accelerates early
hydration kinetics, increasing both the rate and magnitude of temperature rise, albeit with
potential benefits to early strength [10,11]. Consequently, research has extensively focused
on modifying the binder system to mitigate thermal risks.

The partial replacement of cement with supplementary cementitious materials (SCMs)
is a well-established strategy. Granulated Blast Furnace Slag (GBFS) and fly ash (FA) are
particularly effective. GBFS exhibits latent hydraulic properties, reducing the peak hy-
dration heat and delaying the time to reach maximum temperature, thus lowering the
early-age thermal cracking potential [12,13]. Fly ash contributes through its pozzolanic
reaction and micro-aggregate filling effect, leading to a denser microstructure, reduced
permeability, and lower cumulative heat evolution over time [14,15]. Studies have shown
that high-volume fly ash can progressively mitigate temperature rise and cracking poten-
tial [16,17]. The combined use of GBFS and fly ash has been demonstrated to synergistically
enhance durability against sulfate attack and chloride migration [18].

Beyond SCMs, the use of specialized low-heat cements (LHC), characterized by a
higher content of dicalcium silicate (C,S), offers a direct approach to reducing hydration
heat. LHC has been successfully applied in major dam projects to control thermal stress
and cracking risks [19-21]. However, its slower strength development necessitates careful
design and sometimes combination with other SCMs [22].

The cracking resistance of concrete is not solely dependent on thermal properties but
also on its mechanical response under restraint. The development of thermal stress is a
direct indicator of cracking risk and is influenced by the concrete’s tensile strength, elastic
modulus, creep, and coefficient of thermal expansion, all of which are time-dependent
at early ages [23-25]. The Temperature Stress Testing Machine (TSTM) has become an
invaluable tool for experimentally evaluating these parameters under controlled restraint
and temperature conditions, providing insights into early-age cracking behavior [26-28].

Recent advancements have also introduced functional materials to actively control
shrinkage and enhance crack resistance. High-performance expansive agents can generate
chemical expansion to compensate for thermal and autogenous shrinkage, effectively induc-
ing beneficial pre-compressive stress [29,30]. The incorporation of fibers, such as polypropy-
lene fibers, provides a physical bridging mechanism that controls plastic shrinkage and
mitigates crack propagation [31,32]. Furthermore, the development of self-healing agents,
including cementitious capillary crystalline materials, offers a pathway to autonomously
repair microcracks, thereby improving long-term durability [33,34].

The prediction and control of the temperature field remain critical. This involves
considering the multi-physics coupling of hydration, temperature, humidity, and con-
straint [35]. Factors such as ambient temperature, casting temperature, cooling pipe layout,
water temperature, and flow rate significantly influence the internal temperature distribu-
tion and the resulting inside-outside temperature difference [36-38]. Finite element analysis
and numerical modeling have become essential for simulating these complex interactions
and assessing cracking risks under realistic conditions [39-41]. In addition, recent advances
in computer vision offer promising solutions for automated crack detection and charac-
terization during concrete curing. Semantic segmentation models such as DeepLab and
EfficientNet [42,43] have been successfully applied to concrete crack detection, enabling
pixel-level identification of crack regions with high accuracy.
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Although the use of fly ash, expansive agents, and polypropylene fibers has been
widely reported for mass concrete, there is a persistent need for a holistic mix design
approach that systematically integrates material selection, proportioning, and functional
additives to achieve the dual objectives of “low temperature rise” and “high crack resis-
tance” in mass concrete. Furthermore, robust validation through field monitoring is crucial
to bridge the gap between laboratory findings and actual structural performance [44].

Therefore, aiming to achieve synergistic thermal control and crack resistance, this
study conducts a systematic investigation encompassing optimized raw material selection,
experimental mix proportioning, and field application validation. The influence of key pa-
rameters, including fly ash content, high-performance expansive agent, and polypropylene
fibers, on workability, mechanical properties, hydration heat, and volumetric stability is
thoroughly evaluated. By linking material design with construction-stage performance,
this research provides critical insights into the early-age behavior of mass concrete and
offers a practical basis for safety control during construction. The findings aim to provide a
theoretical foundation and practical guidance for the design of high-performance, durable
mass concrete structures.

2. Raw Materials: Selection and Control Parameters

Aiming at thermal control and crack prevention in mass concrete, this chapter dis-
cusses the rationale behind the selection of key constituents and their respective perfor-
mance requirements. By analyzing the interaction mechanisms of cement, mineral admix-
tures, and functional materials, this section provides the necessary theoretical support for
the mix design and field validation presented in later sections.

2.1. Cement

As the primary binder in concrete, cement plays a decisive role in governing the heat
of hydration, which is a critical factor in managing thermal stress and cracking risks in mass
concrete. The hydration behavior is fundamentally dictated by its mineral composition.
Among the major clinker phases, tricalcium aluminate (C3A) exhibits the most rapid
hydration rate and the highest heat output per unit mass. While tricalcium silicate (C35)
hydrates slightly slower than C3A, it contributes most significantly to the total heat release
due to its high concentration. In contrast, dicalcium silicate (C,5) hydrates slowly with low
heat evolution, primarily contributing to long-term strength development.

Beyond mineralogy, the alkali content is another pivotal parameter influencing crack
resistance. Excessive alkali levels (typically exceeding 0.6%) accelerate early-age hydration,
leading to a concentrated release of hydration heat. Furthermore, high alkalinity can
alter the morphology of calcium silicate hydrate (C-S-H) gels, inducing a transition from
an idealized acicular (needle-like) structure to a coarser rod-like morphology, thereby
reducing the overall ductility of the concrete. Consequently, P-II 52.5 Portland cement
with an alkali content restricted to below 0.6% was selected for this study. All technical
properties of the selected cement comply with the national standard Common Portland
Cement (GB175-2023) [45] (Table 1).

Table 1. Basic performance requirements of cement.

i . e . : Flexural Strength Compressive
Initial Final Specific Chloride Alkali
Type Setting Setting Surface Soundness 1o Content  Content (MPa) Strength (MPa)
Time (min)  Time (min)  Area m%/kg (%) (%) 3d 28d 3d 28d
P-1152.5 >90 <390 <370 Qualified <0.06 <0.6 >4.5 >7 >25.0 >55.0
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2.2. Mineral Admixtures

Fly ash was selected to serve a dual purpose: decreasing the cumulative heat of
hydration and improving the long-term microstructural integrity of the concrete.

The integration of fly ash is a well-established practice for enhancing concrete perfor-
mance. It contributes to a more compact microstructure through two main mechanisms:
the physical micro-aggregate filling effect and the chemical pozzolanic activity, which
consumes calcium hydroxide to form additional C-S-H gel. These mechanisms collectively
improve impermeability and crack resistance. The technical indicators of the fly ash used
in this research are presented in Table 2. Strict limits were imposed on ammonium and
chloride ion concentrations, fulfilling the requirements of national standard Fly Ash Used
for Cement and Concrete (GB/T 1596-2017) [46] and Limit and Test Method of Ammo-
nium Ion Content Fly Ash (GB/T 39701-2020) [47] to prevent potential adverse effects on
concrete properties.

Table 2. Technical requirements for the fundamental properties of Fly Ash.

Fineness Water Loss on Activit Ammonium
Grade (%) Demand Ignition Index (07) Ion Content
? Ratio (%) (%) ° (mg/kg)
Class F,
Grade Il <250 <105 <8.0 >70.0 <210

2.3. Functional Materials

To specifically enhance the crack resistance, thermal control, and self-healing capacity
of the concrete, several functional materials were incorporated into the mixture.

2.3.1. Polypropylene Fibers

Polypropylene (PP) fibers (Table 3) are utilized to effectively mitigate plastic shrinkage
cracking through the interfacial bonding between the fibers and the concrete matrix. This
is manifested by a significant reduction in total crack area, maximum crack width, and
the overall frequency of cracks. The technical properties of the fibers must comply with
Synthetic Fibers for Cement Concrete and Mortar (GB/T 21120-2018) [48]. For this project,
a variety with a fiber length of 8-20 mm was selected to ensure optimal distribution and
bridging capacity.

Table 3. Basic performance requirements of fibers.

Tyvpe Length/mm Equivalent Tensile Elongation at Elastic
M & Diameter/um Strength/MPa Break/% Modulus/MPa
P"lyp(;olgylene 8~20 mm 5~100 >350 <40 >3000

2.3.2. High-Performance Expansive Agent

A high-performance hydration heat-inhibiting composite expansive agent was em-
ployed. This specialized additive is a synergistically blended product comprising a hydra-
tion heat inhibitor and a calcium-magnesium composite expansive agent. It is designed to
effectively retard the hydration rate of cement and lower the adiabatic temperature rise
in the concrete. Furthermore, it provides stage-wise compensation for concrete shrink-
age throughout the hydration process, thereby substantially reducing the risk of ther-
mal and autogenous cracking. This study utilizes the HME-V model (Table 4), which
meets the requirements specified in Calcium and Magnesium Oxides Based Expansive
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Agent for Concrete (T/CECS 10082-2020) [49] and Concrete Temperature Rise Inhibitor
(JC/T 2608-2021) [50].

Table 4. Basic performance requirements of high-performance expansive agent.

7d Restricted 21d Restricted 7d Hydration 24d Hydration Comzigssive
Type Expansion Rate = Expansion Rate = Heat Reduction = Heat Reduction St P th
in Water/% in Air/% Rate/% Rate/% rengt
Ratio/%
HME-V >0.035 >-0.010 <15 >30 >90

2.3.3. Inorganic Self-Healing Agent

The inorganic self-healing agent employed in this study is a cementitious capillary
crystalline waterproofing (CCCW) material. The reaction between the CCCW agent and
the cementitious matrix generates crystalline precipitates that fill the internal pores, thereby
refining the microstructure and increasing the overall density of the material.

When cracks form in the matrix modified with cementitious capillary crystalline wa-
terproofing (CCCW) materials and water infiltrates, the chemically active components in
the CCCW agent are transported by water as a medium, penetrating deeper into the matrix
via osmotic action. These active constituents promote the further hydration of unreacted ce-
ment particles or interact with existing hydration products to generate insoluble crystalline
compounds. The resulting crystalline deposits effectively fill and seal the cracks, thereby
restoring the structural integrity of the material. The performance of this self-healing agent
(Table 5) meets the requirements specified in the national standard Cementitious Capillary
Crystalline Waterproofing Materials (GB 18445-2012) [51].

Table 5. Basic performance requirements of cementitious capillary crystalline waterproofing material.

Moisture Content/% Fineness (Residue on Chloride Ion 28d Compressive 28d Flexural
° 0.63 mm Sieve, %) Content/% Strength/MPa Strength/MPa
<15 <5 <0.1 >15.0 >2.8

2.4. Aggregates

The quality of aggregates exerts a decisive influence on the workability, mechanical
strength, volumetric stability, and long-term durability of concrete. The quality control
protocols primarily focus on clay (fines) content, particle size distribution, morphology,
and alkali-aggregate reactivity.

2.4.1. Fine Aggregate

Naturally graded Zone II river sand with a fineness modulus ranging from 2.3 to 3.0
was selected as the fine aggregate. To mitigate adverse effects on the interfacial bonding
strength and volumetric stability of the cement paste, the clay content and clay lump content
were strictly limited to <2.0% and <1.0%, respectively. Furthermore, the chloride ion
content was restricted to <0.01%, and the sand was required to be non-reactive regarding
potential alkali-silica reactivity (ASR).

2.4.2. Coarse Aggregate

The coarse aggregate consisted of crushed limestone with a continuous grading of
5-31.5 mm. Optimized particle grading is essential for minimizing the required binder
content and enhancing the packing density of the concrete. The content of elongated and
flaky particles was restricted to <8%, and the crushing value was maintained below 10%
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to ensure high compressive strength and crack resistance. Additionally, the clay content
and clay lump content were controlled within <1.0% and <0.1%, respectively, with a
mandatory requirement for zero alkali-aggregate reactivity.

3. Experimental Study

To systematically investigate the influence of key mix design parameters on the per-
formance of low-temperature-rise and crack-resistant mass concrete, a comprehensive
series of experiments was conducted. This chapter evaluates the effects of various factors—
including total binder content, water-to-binder (w/b) ratio, sand ratio, and the dosages of
fly ash, high-performance expansive agent, fibers, and self-healing agents—on workability,
mechanical properties, hydration heat characteristics, and volumetric stability. Based on
the experimental findings, the optimal parameter combinations for different structural
components were determined.

3.1. Specimen Design and Experimental Grouping

In accordance with the specific requirements of the engineering project, the ranges
for critical parameters such as binder content and functional material dosages were pre-
liminarily established, as detailed in Table 6. The experimental materials were supplied
by Hefei Tiancheng Concrete Co., Ltd., Hefei, Anhui Province, China. All test mixtures
were prepared using P-II 52.5 Portland cement as the primary binder to ensure consistency
across the experimental groups.

Table 6. Experimental matrix and mix proportions of concrete groups.

Mix Proportions (kg/m?)

Total Fly Ash Water-to- Sand

ID Expansive Fine Coarse - Self- Binder  Content Binder Ratio

Cement Fly Ash Water Fiber  Healing ke/m3 % ; %
Agent Agg. Agg. Agent (kg/m°) (%) Ratio (%)

1# 266 114 0 710 1110 160 0 0 380 30 0.42 39
2# 280 120 0 702 1098 160 0 0 400 30 0.40 39
3# 294 126 0 694 1086 160 0 0 420 30 0.38 39
4# 308 132 0 686 1074 160 0 0 440 30 0.36 39
5# 280 120 0 702 1098 160 0 0 400 30 0.40 38
o# 280 120 0 702 1098 160 0 0 400 30 0.40 40
7# 280 120 0 704 1100 156 0 0 400 30 0.39 39
8# 280 120 0 707 1105 148 0 0 400 30 0.37 39
o# 300 100 0 702 1098 160 0 0 400 25 0.40 39
10# 260 140 0 702 1098 160 0 0 400 35 0.40 39
11# 240 160 0 702 1098 160 0 0 400 40 0.40 39
12# 220 180 0 702 1098 160 0 0 400 45 0.40 39
13# 228 140 32 702 1098 160 0 0 400 35 0.40 39
14# 220 140 40 702 1098 160 0 0 400 35 0.40 39
15# 228 140 32 702 1098 160 1.0 0 400 35 0.40 39
1o# 228 140 32 702 1098 160 1.2 0 400 35 0.40 39
17# 228 140 32 702 1098 160 15 0 400 35 0.40 39
18# 228 140 32 702 1098 160 0 2.0 400 35 0.40 39

3.2. Concrete Preparation and Performance Characterization

The preparation and experimental evaluation of the concrete specimens were con-
ducted in strict accordance with the relevant national and industrial standards to ensure the
reliability and reproducibility of the results. Initially, the workability of the fresh concrete
was characterized immediately after mixing, with key parameters including slump, slump
flow, air content, and apparent density being recorded. Subsequently, the mechanical
performance was determined primarily through compressive strength testing at specified
curing ages.

To systematically investigate the thermal behavior of the mass concrete, the hydration
kinetics—specifically the heat evolution rate and cumulative heat of hydration—were
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measured, alongside the adiabatic temperature rise, which serves as a critical indicator for
thermal stress analysis. Furthermore, the volumetric stability was evaluated by monitoring
the autogenous volumetric deformation (autogenous shrinkage) to assess the material’s
crack resistance potential during the early-age hydration phase. A comprehensive overview
of the representative experimental procedures and testing setups is illustrated in Figure 1.

(d) (e) ®

Figure 1. Concrete performance testing: (a) slump test; (b) air content measurement; (c) mechanical

property testing; (d) isothermal microcalorimetry test; (e) adiabatic temperature rise test; (f) shrinkage
deformation test.

3.3. Experimental Results and Discussion
3.3.1. Influence of Binder Content, Sand Ratio, and Water-to-Binder Ratio

The influence of total binder content on the workability of fresh concrete was first
investigated under the conditions of a fixed water consumption of 160 kg/m?, a fly ash
content of 30%, and a sand ratio of 39%. Four mixtures (Groups 1#-4# in Table 6) with binder
contents ranging from 380 kg/m3, 400 kg/m?3, 420 kg/m?, 440 kg/m3 were evaluated, and
the results are summarized in Table 7.

Table 7. Fresh concrete workability of mixes 1#-6#.

ID Slump (mm) Slump Flow (mm) Air Content (%) Description/Remarks

14 200 420 24 Aggregate exposure, poor
cohesiveness

2# 200 460 2.5 Good workability

3# 200 470 24 Good workability

4# 200 480 2.6 Good workability

54 190 430 27 Aggregate exposure, poor
cohesiveness

6 220 475 28 Highly viscous compared to

Group 2#

The results indicate that at a binder content of 380 kg/m?, the concrete exhibited slight
aggregate exposure and poor coating properties (cohesiveness). In contrast, mixtures with
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a binder content of 400 kg/ m3 or higher demonstrated excellent workability, characterized
by a slump of 200 + 10 mm and a slump flow exceeding 460 mm. Considering both
workability and cost-effectiveness, 400 kg /m? was preliminarily selected as the baseline
binder content.

Subsequently, the effect of the sand ratio (38% vs. 40%) was examined based on the
400 kg/m?3 binder dosage (Groups 5# and 6#). It was observed that increasing the sand
ratio to 40% resulted in excessive viscosity, whereas reducing it to 38% led to insufficient
coating of the aggregates. Consequently, an optimal sand ratio of 39% was determined to
achieve the best balance between fluidity and cohesiveness.

Based on a binder content of 400 kg/m?, a sand ratio of 39%, a fly ash replacement
level of 30%, and a water content of 160 kg/m3 (corresponding to Mix 2# in Table 6), the
water-to-binder ratio was further adjusted to 0.40, 0.39, and 0.37 (corresponding to Mixes
2#, 7#, and 8# in Table 6). The results indicate that reducing the water-to-binder ratio
significantly enhances compressive strength. As shown in Table 8, a 14-day compressive
strength of 59.1 MPa was achieved at a ratio of 0.37. However, this reduction also leads to
decreased workability of fresh concrete and is unfavorable for temperature control. Conse-
quently, a water-to-binder ratio of 0.40 with a water content of 160 kg/m?> was selected for
subsequent experiments.

Table 8. Compressive strength of mixes 2#, 7#, and 8#.

Cement Type D 7d (MPa) 14d (MPa) Bi?;i‘;r;;’t'io
o 03 51.9 0.40
P-II52.5 7# 44.5 53.9 0.39
8# 472 59.1 0.37

3.3.2. Influence of Fly Ash Content

With the total binder content fixed at 400 kg/m?, the influence of fly ash replacement levels
ranging from 25% to 45% was systematically investigated (Mixes 2#, 9%, 10#, 11#, and 12#).

As shown in Table 9, increasing the fly ash content led to a pronounced improvement
in the workability of fresh concrete, as evidenced by higher slump and flow spread values.
This enhancement is mainly attributed to the “ball-bearing effect” of fly ash particles. How-
ever, a gradual reduction in early-age compressive strength was observed with increasing
fly ash content. At a replacement level of 35%, the 7-day and 14-day compressive strengths
reached 41.1 MPa and 49.8 MPa, respectively, satisfying the early-strength requirements of
C45 concrete. In contrast, when the fly ash content increased to 45%, a marked decrease in
early strength occurred, with the 7-day compressive strength dropping to 33.9 MPa.

Table 9. Fresh concrete workability of mixes 2#, 9#~12#.

Workability of Fresh Concrete Compressive Strength

(MPa) Fly Ash

ID 1 S]ump Air Content
Slump Flow Content 7d 14d (%)
(mm)
(mm) (%)

o# 190 450 2.3 46.6 55.8 25
2# 200 470 2.5 42.3 51.9 30
10# 200 510 2.6 41.1 49.8 35
11# 220 550 2.8 37.6 45.6 40
12# 220 560 2.8 33.9 41.8 45
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The results of autogenous deformation tests, summarized in Table 10, indicate that the
autogenous shrinkage of concrete was significantly reduced as the fly ash content increased.
Considering both the early-age strength requirements and the effectiveness in shrinkage
mitigation, an optimal fly ash replacement level of 35% was therefore selected.

Table 10. Test results of autogenous volume deformation of mixes 9%, 10#, 12#.

Fly Ash
ID 1d 3d 5d 7d 10d 14d Content (%)
o# —44.2 —49.6 —50.2 —53.8 =77 —94.2 25
10# —39.4 —44.8 —47.6 —48.2 —67.8 —84.2 35
12# -21.6 -25 —294 —36.2 —44.2 -56.8 45
3.3.3. Influence of High-Performance Expansive Agent

Based on a total binder content of 400 kg/ m3, a sand ratio of 39%, a water content
of 160 kg/m?3, and a fly ash replacement level of 35%, the effects of different dosages of a
high-performance expansive agent (0%, 8%, and 10%, corresponding to Mixes 10#, 13#, and
14# in Table 6) on the fresh and mechanical properties of concrete were investigated.

As summarized in Tables 11 and 12, the incorporation of the expansive agent exhibited
no significant adverse effects on the fresh properties of concrete. When the expansive
agent was used as an equivalent replacement for cement, the compressive strength at
7-14 days decreased by approximately 10-15%; however, this strength difference gradually
diminished with increasing curing age.

Table 11. Fresh concrete workability of mixes 10#, 13#, 14#.
Workability of Fresh Concrete Comprezsc{xlr)ea)s trength High-Performance
ID Si - AL C Expansive Agent
Slump (mm) ump Flow ir oontent 7d 14d Dosage (%)
(mm) (%)
10# 200 510 2.6 411 49.8 0
13# 200 510 2.5 38.5 47.4 8
14# 190 500 2.3 37.6 46.9 10
Table 12. Test results of autogenous volume deformation of mixes 10#, 13#, 14#.
High-Performance
ID 1d 3d 5d 7d 10d 14d Expansive Agent
Dosage (%)
10# —39.4 —44.8 —47.6 —48.2 —67.8 —84.2 0
13# 83.9 154.9 198.1 225.2 2254 225.3 8
144# 105.3 195.1 255.2 270.1 272.6 272.5 10

In terms of volumetric stability (Figure 2), the addition of the expansive agent trans-
formed the autogenous deformation behavior of concrete from shrinkage to expansion. At
dosage levels of 8% and 10%, the 7-day expansion reached 225.2 e and 270.1 pe, respec-
tively, effectively compensating for shrinkage. The incorporation of fly ash significantly
reduced the hydration heat release rate and early cumulative heat evolution of concrete.
Furthermore, the addition of the high-performance expansive agent (high-efficiency anti-
cracking agent) further suppressed the early hydration heat release rate and total heat
evolution. In combination with appropriate heat dissipation conditions, this led to a
reduction in concrete temperature rise, thereby enhancing its resistance to cracking.
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Figure 2. Results of hydration heat evolution tests (10#, 13#, 14#). (a) Hydration heat release rate;
(b) Cumulative heat release.
Considering both temperature control requirements and the need for shrinkage com-
pensation, an expansive agent dosage of 8% was selected for the foundation slab, while a
higher dosage of 10% was adopted for the sidewall concrete.
3.3.4. Influence of Polypropylene Fibers
The effects of polypropylene fiber contents of 1.0 kg/m?, 1.2 kg/m?, and 1.5 kg/m3
(corresponding to Mixes 15#~17# in Table 6) on the fresh and mechanical properties of
concrete were investigated, as summarized in Table 13.
Table 13. Fresh concrete workability of mixes 13#, 15#~174#.
. Compressive Strength
Workability of Fresh Concrete P (MPa) & Polypropylene
ID X Fibers Content
Slump (mm) Slump Flow Air Content 7d 14d (kg/m?)
(mm) (%)
13# 200 510 2.5 38.5 47.4 0
15# 200 460 2.5 38.3 47.1 1.0
16# 190 445 24 38.0 46.8 1.2
17# 160 380 24 36.8 44.8 1.5

The results indicate that increasing the fiber content leads to reduced flowability and
increased viscosity of fresh concrete. Meanwhile, the spatial dispersion and interfacial
bridging effect of the fibers can limit the development of plastic shrinkage cracks and
enhance the crack resistance of concrete. When the fiber dosage exceeded 1.2 kg/m?,
workability deteriorated markedly. The incorporation of polypropylene fibers resulted in a
slight reduction in early-age compressive strength (less than 5%); however, this effect was
not significant. To achieve a balance between crack resistance enhancement and satisfactory
workability for construction, an optimal fiber content of 1.2 kg/m3 was selected.

3.3.5. Influence of Inorganic Self-Healing Agent

The influence of incorporating a self-healing agent at a dosage of 2.0 kg/m> (Mix 18#)
was evaluated in comparison with the reference mixture (Mix 13#). The results are summa-
rized in Table 14.
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Table 14. Fresh concrete workability of mixes 13#, 18#.
Workability of Fresh Concrete Compre?;l[}/’e;)s trength Self-Healing
ID 31 - Air Content Agent Content
Slump (mm) u?rlrf)m) ow 1 (o?r)l en 7d 14d (kg/m?)
13# 200 510 2.5 38.5 47.4 0
18# 190 515 2.6 35.2 46.6 2.0

In terms of fresh properties, the addition of the self-healing agent had no noticeable
adverse effect on the workability of fresh concrete. The inorganic self-healing agent is a
cementitious capillary crystalline waterproofing agent. Its active chemicals react with the
cement matrix to form insoluble crystals, which fill pores and microcracks. When water
enters cracks, these reactions are reactivated, further sealing the cracks and improving
compactness and durability. Regarding mechanical performance, the self-healing agent led
to an approximately 8% reduction in early-age compressive strength at 7 days, while its
influence on the 14-day strength was relatively minor.

With respect to hydration heat characteristics, as illustrated in Figure 3, the self-healing
agent significantly prolonged the hydration induction period and simultaneously increased
both the peak hydration heat release rate and the cumulative heat evolution. Specifically,
the induction period of cement hydration was extended by more than twofold, resulting
in a setting time exceeding 24 h, and the cumulative heat release at 5 days increased by
approximately 15% compared with the reference mixture.
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Figure 3. Results of hydration heat evolution tests (10#, 13#, 14#, 18#). (a) Hydration heat release rate;
(b) Cumulative heat release.

4. Field Monitoring and Performance Evaluation

To verify the practical feasibility and effectiveness of the proposed low-temperature-
rise, crack-resistant mass concrete proportions, the foundation slab of Sections 2—4 in a large-
scale infrastructure project was selected as a representative case study. The slab thickness is
2.5 m, and the plan dimensions of Zone 2—4 are approximately 30.15 m x 17.57 m. Zone
2—4 is located at the corner of the entire foundation slab and represents only a part of the
whole slab. Systematic monitoring and evaluation were conducted during the construction
phase and early-age hardening period. The targeted slab was designed with a strength
grade of C45 and a permeability rating of P8, imposing stringent requirements for thermal
control and crack resistance.
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4.1. Field Workability of Concrete

The workability of the fresh concrete was rigorously tested on-site in strict accor-
dance with the Standard for Test Methods of Performance on Ordinary Fresh Concrete
(GB/T 50080-2016) [52]. The experimental results demonstrated that the mixture main-
tained a consistent slump of 200 &+ 20 mm and a slump flow ranging from 460 to 500 mm.
The fresh concrete exhibited excellent workability, with no observable evidence of segre-
gation or bleeding, thereby fully satisfying the stringent requirements for pumping and
placement in mass concrete construction. Furthermore, the placement temperature was
continuously monitored and successfully maintained within a stable range of 22.0-26.0 °C.

4.2. Mechanical Property Development of Hardened Concrete

In parallel with the field placement, concrete specimens were sampled and transferred
to a standard curing room. The compressive strength was tested at various ages to evaluate
the strength development characteristics of the mixture. The experimental results are
summarized in Table 15.

Table 15. Compressive strength of concrete for foundation slabs in Zones 2—4.

Zones 2-4 7d 14d
Compressive
strength/MPa 38.0 454
Strength ratio 84% 101%

As presented in Table 15, the concrete mixture exhibited a rapid early-age strength
development. The 7-day compressive strength attained 84% of the design strength, and
by 14 days, the strength had already surpassed the specified design value. These results
indicate that the binder system possesses high early-age reactivity (hydration kinetics),
which ensures sufficient structural capacity during the initial stages of construction.

4.3. Real-Time Monitoring and Analysis of Temperature Fields

To capture the evolution of internal temperature within the concrete, automated
wireless temperature sensors were embedded at the geometric center and critical sections
of the foundation slab. Continuous real-time monitoring was conducted over a 14-day
period, with the resulting temperature-time development curves illustrated in Figure 4.
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Figure 4. Real-time temperature monitoring data of foundation slabs in Zones 2—4.
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The results indicate that the peak core temperature reached 74.0 °C, situated at the
upper bound of the typical temperature rise range for mass concrete. This elevated thermal
peak is primarily attributed to the high early-age reactivity of the cement, the total binder
content, and the relatively high ambient temperatures during the placement phase.

The thermal peak occurred at 78 h post-casting, representing a significant delay
compared to conventional mass concrete without thermal control measures. This delay
demonstrates that the incorporation of a high-performance expansive agent (containing a
hydration heat inhibitor) effectively retards the cement hydration process and postpones
the occurrence of the peak temperature. Such retardation facilitates heat dissipation and
mitigates the internal temperature gradient, thereby enhancing the crack resistance of
the structure.

4.4. Evolution of Strain Fields and Volumetric Stability Analysis

During the heating phase, as shown in Figure 5, significant expansive deformation
was observed at the core of the foundation slab, with maximum strain values reaching
453 pe and 821 pe in the longitudinal and thickness directions, respectively. The corre-
sponding unit thermal expansion strains were calculated as 10.6 pe/°C and 7.3 pe /°C. This
deformation resulted from the synergistic effect of thermal expansion and the chemical
expansion induced by the expansive agent. Such expansion facilitates the formation of pre-
compressive stress within the concrete, which partially offsets the tensile stresses generated
during subsequent cooling-induced shrinkage.
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Figure 5. Real-time strain monitoring data of foundation slabs in Zones 2—4.

During the cooling phase, the unit shrinkage strain was approximately 7.4 pe/°C,
which is markedly lower than the expansion rate recorded during the heating stage. This
disparity indicates that the expansive agent continued to provide compensatory shrinkage
during the temperature drop period, effectively reducing the net shrinkage of the concrete
and significantly mitigating the risk of cracking.

5. Conclusions

This study aims to achieve the synergetic enhancement of low temperature rise and
crack resistance in mass concrete. Through systematic raw material selection, mix pro-
portion optimization, and field verification, the influence of key design parameters was
investigated. The primary conclusions are summarized as follows:
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(1)  Fly ash effectively inhibits early-age shrinkage and reduces both the rate and cumula-
tive heat of hydration, serving as a critical component for thermal control. However,
increasing its dosage leads to a reduction in early-age strength. A fly ash content of
35% effectively improves workability, mitigates early-age shrinkage, and reduces the
heat of hydration.

(2) The high-performance expansive agent delayed early-age heat release and promoted
compensatory expansion, thereby helping to offset autogenous and cooling-induced
shrinkage. This indicates its potential role in coordinating temperature control and
shrinkage compensation in mass concrete. However, the underlying expansive prod-
ucts were not directly characterized in this study and should be further verified
through microstructural analysis.

(8) Increasing the dosage of polypropylene fibers results in decreased fluidity and in-
creased viscosity of the mixture. At the optimal dosage of 1.2 kg/m3, the fibers
effectively suppress the initiation and propagation of plastic and early-age drying
shrinkage cracks through a physical reinforcement mechanism, without significantly
compromising workability or strength.

(4) The field verification results demonstrate that the optimized concrete possesses excel-
lent workability and satisfies the requirements for early-age strength development.
Although the expansive agent successfully postponed the thermal peak to 78 h, the
internal temperature remained relatively high, necessitating the integration of ex-
ternal thermal insulation measures. Strain monitoring confirms that the expansive
agent significantly reduces net shrinkage, which, in synergy with fiber reinforce-
ment, effectively enhances the overall crack resistance of the mass concrete structure.
While the optimal dosages obtained herein are based on specific local materials,
the underlying design principles are transferable to other concrete systems with
appropriate verification.

This study is primarily an engineering-oriented experimental investigation and does
not establish a theoretical or predictive model. Although it showed favorable laboratory
and field performance, the present study did not fully quantify interaction effects among
variables or establish a predictive optimization model. Future studies should further
combine DoE-based experimental design and multi-objective optimization to improve the
statistical robustness of mix proportioning for low-heat and crack-resistant mass concrete.
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