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Concrete is prone to cracking during hardening due to shrinkage, which significantly impairs its mechanical properties
and durability, particularly under freeze-thaw cycles. Urea, with inherent hygroscopicity and recrystallisation
characteristics, can effectively mitigate concrete shrinkage, thereby enhancing its mechanical performance and frost
resistance. This study analysed urea'’s effects on concrete properties, including the slump, hydration heat flow, mechanical
strength, crack index, pore structure, water absorption, and freeze-thaw durability. The results show that the concrete
performance was notably improved when urea content reached 0.01 wt. %. After 28 days, the cracking index, drying
shrinkage restriction rate, restrained shrinkage stress, porosity, and water absorption were reduced by 37.90, 27.97,
27.72, 27.96, and 13.08 %, respectively. Meanwhile, the compressive strength loss rate and mass loss rate after 200 freeze-
-thaw cycles decreased by 39.84 and 34.44 %, respectively. Additionally, the flexural strength and splitting tensile strength
of concrete with 0.01 wt. % urea reached 9.70 and 6.20 MPa, representing increases of 38.57 and 16.98 % compared
to the control group. The enhanced crack resistance and mechanical properties are attributed to pore structure optimisation
induced by the urea decomposition, while the improved frost resistance stems from the increased cumulative hydration heat

and reduced water freezing point.

INTRODUCTION

Concrete is the backbone of modern construction,
widely used in buildings, bridges, pavements, and
large-scale infrastructure projects due to its relatively
low cost, abundance of raw materials, and ability
to be cast into complex shapes [1-3]. However, concrete
is prone to cracking when subjected to tensile stress,
shrinkage, or environmental fluctuations [4-6]. In addi-
tion to compromising the structural integrity of concrete
structures, cracks allow moisture and aggressive ions
to enter, hastening the corrosion of the reinforcement
material and significantly reducing the structure’s overall
longevity. [7]. In cold regions, exposure to freeze—thaw
cycles further exacerbated this problem [8]. The water
trapped within the pores and microcracks freezes,
expands, and induces internal stresses that encourage
crack growth [9-12]. Therefore, increasing the endurance
of concrete in freezing conditions and strengthening
its resistance to cracks remain important tasks in modern
civil engineering.

A wide range of strategies has been employed
to address these challenges. Supplementary cementitious

materials have been shown to enhance the long-term
durability by refining the pore structure and promoting
the formation of denser hydration products, such as fly
ash, silica fume, and slag [13-15]. Fibre reinforcement,
using steel fibres, polypropylene fibres, or basalt fibres,
has been widely explored to bridge cracks and improve
tensile resistance [16-19]. Chemical admixtures, inclu-
ding superplasticisers, air-entraining agents, and shrin-
kage-reducing compounds, are commonly used to en-
hance the workability and reduce shrinkage-induced
cracking [20-22]. While these methods have produced
meaningful advances, they are often associated with
certain limitations. Some approaches are highly effective
for a single property, but less so in offering systematic
improvements across the mechanical strength, crack
resistance, and freeze-thaw durability [23]. For instance,
fibres can increase the material cost and complicate
the mixing processes [24], while air-entraining agents
may reduce the compressive strength [25]. Hence,
the search continues for simple, economical, and multi-
functional admixtures that can enhance several concrete
properties simultaneously.
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Urea, a widely produced nitrogen-based compound
mainly known as a fertiliser and industrial raw material,
shows great potential as a concrete additive [26]. Urea
is inexpensive, environmentally benign, and abun-
dantly available worldwide, making it particularly
attractive for large-scale infrastructure applications.
Its chemical characteristics provide multiple pathways
for microstructural modification. Firstly, the hygroscopic
properties and recrystallisation behaviour of urea
are capable of effectively mitigating concrete shrinkage
and inducing minor micro-expansion, which, in turn,
reduces the driving force responsible for crack initiation
[27]. Secondly, urea enhances the concrete durability
by activating urease-producing bacteria, which induce
calcium carbonate precipitation that fills the cracks
and pores, increasing the density and longevity [28-34].
Thirdly, due to its antifreeze properties, urea can act
as a cryoprotectant by lowering the freezing point of pore
solutions [35]. This reduces the stress generated during
the phase transitions of water during freezing—thawing
cycles, thus enhancing the anti-freezing performance
of concrete [36].

Wang et al. [27] demonstrated the feasibility
of urea as an additive for the fabrication of low-heat-
-release concrete. Kim et al. [37] concluded that adding
10 % urea reduced both the temperature released
during concrete hydration and the degree of concrete
cracking. The microbial growth rate, urease activity,
and urea-to-carbonate conversion efficiency in cement-
based materials with different urea concentrations were
examined by Qin et al.[38]. Although these studies
are promising, systematic research on the role of urea
in concrete remains limited, and few have examined
the comprehensive effects of urea on the mechanical
properties, crack resistance, and freeze-thaw durability
of structural concrete under actual use conditions.
In addition, there are still questions about the optimal
urea content, potential effects on the workability,
and the long-term stability of the urea-modified micro-
structure. It is crucial to address these issues if urea
is to be positioned as a practical and scientifically valida-
ted additive in concrete technology.

This study aims to comprehensively evaluate
the effects of urea incorporation on the key properties
of concrete under freeze-thaw cycles, including
the cracking behaviour, mechanical strength develop-
ment, and durability. By combining mechanical tests,
microstructural characterisation, and freeze—thaw
resistance evaluations, the research clarified the under-
lying mechanisms by which urea contributes to perfor-
mance improvements and determined the optimal
content of urea. The findings are expected to expand
the knowledge base on unconventional, but practical
admixtures, offering valuable insights for engineers
and researchers who strive to design more durable,
sustainable, and resilient infrastructure materials.

EXPERIMENTAL

Materials

The ordinary Portland cement (OPC, 42.5 grade)
was obtained from Shandong Cement Factory Co.,
Ltd., while the fly ash (FA) was supplied by Shandong
Wansida Building Science and Technology Co., Ltd.
The particle size distributions of the OPC and FA
are illustrated in Figure 1, and the chemical compositions
are listed in Table 1. The manufactured sand (MS)
and crushed stone (CS), serving as the fine and coarse
aggregates, were provided by Shandong Luqiao Building
Materials Co., Ltd., with the bulk densities measured
at 1712.66 kg'm® and 1512.66 kg-m>, respectively.
The gradation characteristics of MS and CS are pre-
sented in Tables 2 and 3. A polycarboxylate-based
superplasticiser (PCE) was supplied by Shandong
Building Materials Science Research Institute Co., Ltd.
In addition, aluminium sulfate (AS) and ferrous sulfate
(FS) of analytical grade, which had a minimum purity
of 99 %, was used. The urea (CO(NH,),) was supplied
by Sinopharm Chemical Reagent Co., Ltd.
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Figure 1. Particle size distribution of the OPC and FA.

Specimen preparation

The concrete mixture proportions are summarised
in Table 4. The MS and CS were first introduced into
a mixer and blended for 2 min, followed by the addition
of the cementitious materials (OPC and FA) and a further
2 min of mixing. Subsequently, an aqueous solution
containing PCE, AS, FS, and Urea was added and stirred
for 3 min to achieve uniform dispersion and ensure
homogeneous concrete mixtures.
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Table 1. Chemical composition of the OPC (wt. %).

Compositions CaO SiO, Al O, Fe,0, SO, MgO K,0 Other
OPC 56.51 24.40 7.79 2.50 4.10 3.78 0.51 0.41
FA 6.16 48.42 38.89 2.95 0.78 1.06 0.57 1.17
Table 2. Particle size distribution of the MS.
Screening pore size (mm) 5.00 2.50 1.25 0.63 0.315 0.160 Residue
Cumulative screening rate (%) 0.03 17.96 46.80 69.95 81.31 86.55 100
Table 3. Particle size distribution of the CS.
Screening pore size (mm) 19.0 16.0 9.50 4.75 2.36 Residue
Cumulative screening rate (%) 1.51 2.43 42.17 90.63 98.49 100
Table 4. Proportions of the concrete (kg'm™).
Samples OPC FA MS CS Water PCE AS FS CU
Ccuo 340 100 700 1070 176 1.9 0.44 0.088 0
CU0.01 340 100 700 1070 176 1.9 0.44 0.088 0.044
CU0.02 340 100 700 1070 176 1.9 0.44 0.088 0.088
Cu0.03 340 100 700 1070 176 1.9 0.44 0.088 0.132
CU0.05 340 100 700 1070 176 1.9 0.44 0.088 0.220

Test methods
Workability and mechanical properties

The Chinese Standard GB/T 50080-2016 was fol-
lowed when conducting the concrete slump test [39].
In accordance with the protocols outlined in Chinese
Standard GB/T 50081-2019,
the mechanical properties were conducted using a uni-

tests for evaluating
versal testing apparatus [40]. For the purpose of mea-
suring the compressive and splitting tensile strength,
150 x 150 x 150 mm® cube specimens were employed,
with the two types of tests carried out at loading rates
of 0.5 and 0.05 MPa's”, respectively. The flexural
strength tests were performed on prism specimens
with dimensions of 150 x 150 x 600 mm® at a loading
rate of 0.05 MPa-s”'. After moulding, all the specimens
were cured in a controlled environment (20 £ 2 °C,
relative humidity > 95 %) until the testing ages of 3, 7,
and 28 days. The splitting tensile strength (f,,) was deter-

Hydration characteristics

The hydration evolution process was examined
using a high-precision eight-channel calorimeter,
in compliance with Chinese Standard GB/T 12959-2024
[41].

Crack resistance

The drying shrinkage behaviour of the specimens
was evaluated in compliance with Chinese Standard
GB/T 29417-2012 [42] using an HSP-540 concrete
shrinkage-expansion meter. Fresh concrete specimens
were prepared with dimensions of 100 x 100 x 485 mm’.
After moulding, the samples were cured at 20 + 2 °C
and 60 £ 5 % relative humidity until the testing ages
of 3, 7, and 28 days. The drying shrinkage strain &,
(%) was determined using Equation (2), while the lim-
iting shrinkage stress o, (MPa) was obtained through
Equation (3). The cracking index C (%) was subsequently
calculated according to Equation (4).

Le—1L)

mined using Equation (1). £ = 100x 2
0
2F F

fos = — = 0.637~ (1

A A ot=puXEX&=15592¢¢ 3)
Where A denotes the cross-sectional area along 100xle,|

&

the splitting plane (mm?), and F denotes the peak load C=Tt @)
at failure (N).
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In this study, L, denotes the specimen length measured
at the age (mm), L refers to the initial specimen length
(mm), and L, is the reference length, fixed at 485 mm
in this study. The parameter ¢ denotes the steel reinfor-
cement ratio of the concrete (%), whereas E stands
for the elastic modulus of steel reinforcement, which
is taken as 2.05 x 10° MPa.

Porosity and water absorption

Concrete specimens were crushed into fine particles
at curing ages of 3 and 28 days, and the hydration
process was stopped by submerging them in isopropanol
for 24 h. After vacuum filtration to remove the solvent,
the remaining solids were oven-dried for an additional
24 hours at 40 °C.

The pore structure of the treated samples was then
characterised using an AutoPore 9500 mercury intrusion
porosimeter (Micromeritics Instrument Corp., USA).

The water absorption test for concrete specimens was
performed following the procedures specified in Chinese
Standard GB/T 50081-2009. After curing for 28 days,
concrete specimens measuring 100 x 100 x 100 mm®
were submerged in deionised water, with the water
level maintained 25 mm above the specimen’s surface.
The specimens were removed after being submerged
for 24 hours, and any surface moisture was removed.
The masses measured before and after immersion were
used to calculate the water absorption rate.

Anti-freezing performance

In accordance with Chinese Standard GB/T 50082-
-2009, concrete cubes measuring 100 x 100 x 100 mm®
were prepared, cured for 28 days, and then subjected
to freeze-thaw testing. Each freeze-thaw cycle consisted
of 4 h of freezing at -20 £ 2 °C followed by 4 h of thawing
at 20 £ 2 °C. The specimens were subjected to 0, 25, 50,
100, 150, and 200 cycles, and the compressive strength
as well as the mass were determined at the corresponding
intervals.

RESULTS AND DISCUSSION
Workability

As illustrated in Figure 2, a gradual increase
in the slump of the concrete mixture is observed with
the increase in urea content, which is in agreement with
previously published studies that confirm urea’s role
in enhancing cement paste fluidity [43]. The under-
lying mechanisms may include the following: on the one
hand, urea undergoes slow hydrolysis in an alkaline
environment, generating NH; and CO, that introduce fine
bubbles into the mixture, thereby reducing interparticle
friction and improving flowability; and on the other
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Figure 2. Slump.

hand, urea inhibits the early hydration of tricalcium
silicate (C;S), lowering the paste viscosity and yield
stress, which, in turn, increases the slump [44, 45].

Hydration characteristics

Table 5 and Figure 3 show how urea affects
the cumulative heat release and cement hydration
heat flow. An analysis of Figure 3a reveals that the
urea incorporation consistently enhances the first
shoulder peak value, signifying the facilitation of
AFt phase formation. When the urea content is lower
than 0.02 wt. %, the intensity of the first shoulder
peak increases accordingly, with the CU0.01 showing
the highest value, and the emergence time of this shoul-
der peak is also advanced correspondingly, as shown
in Table 5. This further confirmed the promoting effect
of small amounts of urea on the cement hydration.
Nevertheless, even though the first shoulder peak values
still remain higher than the CUO overall, the peak's
occurrence is delayed as the urea content rises, which
somewhat prevents cement hydration. At the same time,
as shown in Figure 3b, with increasing urea content,
the total cumulative heat release of cement first increases
and then decreases, but it remains higher than that
of CUO. Among them, CUO0.01 exhibits the highest
cumulative heat release.

Mechanical properties

Figure 4 illustrates how the urea affects the con-
crete’s flexural and compressive strengths at different
ages. As shown in Figure 4a, the addition of urea
gradually reduces the compressive strength during
the early stages of cement hydration. This might be due
to the early evolution of carbon dioxide or ammonia,
which led to a certain degree of loss in compressive
strength [29]. However, at later curing ages, as the urea
content increases, the compressive strength first rises
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Figure 3. Cumulative heat and heat flow of the concrete.
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Table 5. Urea effect on the 1* shoulder peak heat flow value (OPC).

Samples First shoulder peak heat flow value (mW-g™") Time (h)
CuUo0 3.66 12.54
CU0.01 4.53 12.37
CU0.02 4.26 12.37
CU0.03 4.04 12.63
CUo0.05 3.85 12.57

and then declines, while remaining higher than that
of CUO across the examined contents. The -early
age hydration process of the cement is retarded
and homogenised by the urea, which ultimately
optimises the microstructure of the concrete
under sufficient curing conditions, with its later-
age strength consequently enhanced. In addition,
the gases released from the reaction between the urea
and the product of cement hydration, Ca(OH), may

70

modulate the concrete microstructure, further enhancing
the compressive strength. The flexural strength shows
a trend comparable to that of the compressive strength
with the urea incorporation, as illustrated in Figure 4b,
supporting the additional strengthening effect of urea.
When the urea content is 0.01 wt. % of the cementitious
binder’s mass, the 28 days flexural strength reaches
its maximum, increasing by 38.57 % compared with
Cuo.
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Figure 4. Compressive and flexural strengths of the concrete.
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Figure 5 illustrates how the urea affects the splitting
tensile strength of concrete. At the early stage of cement
hydration, the splitting tensile strength was slightly
reduced by the incorporation of urea, which could
be ascribed to the generation of NH; and CO, produced
by the reactions between the urea and water, as shown
in the following equation:

CO(NH,), + H,0=CO, + 2NH,

As the hydration progresses, the addition of urea
enhances the splitting tensile strength, and as the amount
added increases, the splitting tensile strength first
increases and then decreases. The optimal performance
occurs at a urea content of 0.01 wt. %, at which the 7-day
and 28-day splitting tensile strengths increase by 16.28
and 16.98 %, respectively, compared with CUO. This
could be explained by the fact that at low concentrations,
the inhibitory effect of urea is dominant, allowing
the hydration reaction to proceed smoothly, ensuring
the uniform distribution of the hydration products,
and improving the matrix’s pore structure. As a result,
the compactness and uniformity of the matrix are im-
proved, and the splitting tensile strength also increases.
However, when the urea content surpasses the ideal
threshold, its negative effects take over. In an alkaline
environment, urea continuously releases NH;, which
causes a large number of hazardous pores to form within
the matrix and significantly reduces the splitting tensile
strength.

Drying shrinkage

The effect of urea on the drying shrinkage behav-
iour of concrete is shown in Figure 6. As indicated
in Figure 6a, under dry conditions, adding urea reduces
the rate of the length change in the concrete, with
CU0.01 showing the most significant effect. Compared
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Figure 5. Splitting tensile strength of the concrete.
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shrinkage stress of the concrete.

to CUO, the drying shrinkage at 3, 7, and 28 days
decreases by 38.10, 21.88, and 27.97 %, respectively.
This improvement is due to the retarding effect of urea
on the early cement hydration, which decreases the initial
shrinkage rate. Meanwhile, the gases released during
its reaction with the cement at later stages improve
the concrete microstructure and slow the internal mois-
ture loss, further reducing the drying shrinkage.
Furthermore, upon the incorporation of urea into
concrete, it attains a supersaturated state in the pore
solution, thereby initiating crystallisation. This process
exhibits similarities to the crystallisation mechanism
of sulfate compounds [46, 47]. Urea crystals randomly
nucleate and grow within the pores, generating
crystallisation pressure that can partially offset the shrink-
age stresses induced by water evaporation or low-
-temperature freezing, and may even induce slight volume
expansion, ultimately reducing the concrete shrink-
age. A similar trend was seen in drying shrinkage
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stress, as shown in Figure 6b, where CU0.01 showed
reductions of 37.69, 21.48, and 27.72 % at 3, 7,
and 28 days, respectively, compared to CUO. These
findings indicate that adding an appropriate amount
of urea not only changes the microstructural develop-
ment of the cement paste during early hydration, but also
improves the pore structure in the later stages, effectively
reducing the shrinkage and shrinkage-induced stress
in concrete.

Cracking index

Figure 7 illustrates the crack index of concrete
with varying urea contents at curing ages of 3, 7,
and 28 days. It can be observed that the incorporation
of urea significantly reduces the concrete crack index.
This may be attributed to the reaction of a small amount
of urea with the hydration product Ca(OH), during
the early stage of cement hydration, which releases trace
amounts of ammonia and carbon dioxide gases. These
gases facilitate the expulsion of large air voids while
simultaneously refining the pore structure of the concrete,
thereby lowering the crack index. When the urea content
is 0.01 wt. % of the mass of the cementitious materials,
the crack index reaches its minimum, indicating
the optimal crack resistance. Compared with CUO,
the crack index at 3, 7, and 28 days decreases by 36.96,
32.06, and 37.90 %, respectively.
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Figure 7. Cracking index of the concrete.

Porosity and water absorption

The effect of urea on the pore structure of concrete
at curing ages of 3 and 28 days is shown in Figure 8.
The cumulative pore size distribution curves are pre-
sented in Figure 8a and c. The incorporation of urea
can reduce the total cumulative pore volume of con-
crete. For the concrete cured for 3 days, indicative
of the initial phase of cement hydration, the cumulative

pore volume initially diminishes and subsequently
increases with the rising urea content. When the con-
tent was less than 0.05 wt. %, the total cumulative
pore volume was lower than that of CUO. At a content
of 0.01 wt. %, the 3-day cumulative pore volume
is the lowest. This might result from the fact that, although
the addition of urea partially inhibits cement hydra-
tion in the early stage, the gases released from the reaction
of urea with cement can exert an air-entraining effect.
This effect promotes the elimination of larger entrapped
air voids, thereby refining the pore structure and reducing
the total cumulative pore volume. As the cement
hydration progresses, in the 28-day cured concrete,
the in-corporation of urea reduces the cumulative pore
volume compared to CUO, indicating improved pore
refinement. This is because, while part of the CO, released
from urea reacts with the hydration product Ca(OH),
to form small amounts of CaCO,, filling the pores
of the concrete and lowering the total pore volume,
the NH; released from urea encourages the expulsion
of trapped air and refinement of the pore structure.
The pore size distribution curves are shown in Figure 8b
and Figure 8d. At relatively low contents, urea not only
reduces the total cumulative pore volume of concrete,
but also decreases the number of harmful pores, thereby
enhancing the development of the mechanical properties.
Meanwhile, the proportion of capillary pores is reduced.
Since excess capillary pores significantly hindered
the development of concrete’s resistance to drying
shrinkage, this pore-structure refinement is consistent
with the observed macroscopic performance.

The mechanical properties of hardened cement
paste are greatly influenced by its pore structure. Pores
larger than 1000 nm can adversely affect the mechanical
properties of concrete. Capillary macropores with sizes
ranging from 100 to 1000 nm and capillary micropores
between 10 and 100 nm negatively impact the drying
shrinkage. Capillary stress is generated when water
within the capillary pores evaporates, leaving voids
in the hardened matrix and thereby inducing shrinkage
stress within the paste. As shown in Figure 9a,
for the 3-day cured concrete, at the early stage of cement
hydration, the incorporation of a low urea content de-
creases the overall porosity of the concrete.

However, when the wurea content exceeds
0.02 wt. %, the total porosity exceeds that of CUO.
This phenomenon can be attributed to the liberation
of excessive gaseous products such as NH; and CO,
within the cement matrix at relatively high urea contents,
which not only increases the volume of internal air voids,
but also induces a significant proliferation of capillary
pores. At a content of 0.01 wt. %, the total porosity
is the lowest, indicating a reduction of 14.63 %.
Although the number of harmful pores did not decrease,
but even increased slightly, the number of capillary
pores was reduced to 11.00 % in terms of the capillary
porosity, representing an 11.65 % decrease compared
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Figure 8. Pore structure of the concrete.
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with CUOQ. The statistical results of the pore structure
distribution for the 28-day cured concrete are shown
in Figure 9b. At this later stage of cement hydration,
the gradual decomposition of wurea contributes
to the pore filling, thereby reducing the total porosity,
harmful pore porosity, and capillary pore porosity.
Among them, CUO0.01 exhibits the greatest reduction
and the lowest overall porosity. At 28 days, the total
porosity decreases by 27.96 %, while harmful pore
porosity decreased by 37.22 %. The capillary porosities
of the CU0-0.05 were 8.29, 6.13, 6.58, 7.96, and 7.74 %,
respectively, with CU0.01 showing the largest decrease
0f26.06 %.

The effect of urea on the 28-day water absorption
of concrete is shown in Figure 10. The incorporation
of an appropriate content of urea has been shown
to effectively reduce the water absorption capacity
of concrete. As the urea content increases, the water
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Figure 11. Mass loss rate of the concrete.

absorption of concrete first decreases and then gradually
increases, but remains lower than that of CUO. Among
the mixtures, the concrete with a urea content
of 0.01 wt. % exhibits the lowest water absorption,
which is reduced by 13.08 % compared with CUO. This
result is consistent with the analysis of concrete pore
structure, confirming that the gas released by urea pro-
motes the discharge of trapped air and the refinement
of the pore structure.

Anti-freezing performance

Figure 11 illustrates the effect of urea on the con-
crete mass loss rate during freeze-thaw cycles. It ap-
pears that adding urea significantly reduces the mass
loss rate of concrete specimens after the same number
of freeze-thaw cycles. After 25 freeze-thaw cycles,
a mass loss rate of 0.34 % was observed in CUO, while

.](®)
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Figure 12. Compressive strength and strength loss of the concrete under the freeze-thaw cycles.
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the lowest mass loss rate among all the groups, at 0.12 %,
was detected in CUO0.01, representing a reduction
of 64.71 %. After 50 cycles, the mass loss rate of CUO
reached 0.76 %, whereas CU0.01 showed a mass loss
rate of 0.31 %, indicating a decrease of 59.21 %. After
100 cycles, a mass loss rate of 2.95 % is exhibited
by CUO, while CUO0.01 shows a mass loss rate of 1.55 %,
corresponding to a reduction of 47.46 %. At 150 freeze-
-thaw cycles, the mass loss rates are 3.36 % for CUO
and 1.97 % for CUO0.01, reflecting a 41.37 % reduction.
Finally, after 200 cycles, CUO reaches 5.11 %, while
CUO0.01 remains at 3.35 %, corresponding to a 34.44 %
decrease. This phenomenon can be attributed to urea,
which considerably lowers the pore solution’s freezing
point, ensuring that the internal moisture remains liquid
at low temperatures. Concurrently, the addition of urea
increases the cumulative heat release during cement
hydration, improving concrete’s resistance to frost
and reducing the mass loss during the freeze-thaw cycles.

As shown in Figure 12, during the freeze-thaw
cycles, the compressive strength of the concrete
and its rate of strength loss are influenced by the urea.
It can be concluded that the relative to the urea-free
CUO baseline, the reduction in compressive strength
is mitigated. Concrete containing urea has a higher
compressive strength than concrete without urea
at the same number of freeze-thaw cycles, and its rate
of compressive strength loss is lower than that of CUO.
After 200 freeze-thaw cycles, the highest compressive
strength retention is observed in CUO0.01, while
the trend of the compressive strength loss rate differs
from that of the compressive strength values. Specifically,
the compressive strength loss rates of concrete specimens
with urea contents of 0.01, 0.02, 0.03, and 0.05 wt. %
are 18.21,21.34,27.38, and 26.47 %, respectively, which
are significantly lower than the 30.27 % of CUO. Among
these groups, CUO0.01 has the lowest loss rate, with
a reduction of 39.84 %. The findings demonstrated that
the urea addition refined the pore structure of concrete,
thereby mitigating the compressive strength degra-
dation during the freeze-thaw cycles and improving
the material’s frost durability.

CONCLUSIONS

This study explains the role of urea (CU)
in enhancing concrete’s mechanical properties, frost
resistance, and crack resistance. The key findings
are summed up as follows:

(1) The optimal content of urea is 0.01 % of the qua-
lity of cement and fly ash, and the crack resistance
of concrete was significantly improved. At the age
of 28 days, the cracking index, drying limited shrink-
age rate, and drying limited shrinkage stress decreased
by 37.91, 27.97, and 27.72 %, respectively, compared
with CUO.

(2) The 28-day flexural strength and splitting
tensile strength of concrete were 9.70 and 6.20 MPa,
respectively, showing a 38.57 and 16.98 % increment
compared to CUO. Simultaneously, the compressive
strength increased by 7.75 % as opposed to CUO.

(3) After 200 freeze-thaw cycles, the compressive
strength loss rate and quality loss rate of concrete
decreased by 39.84 and 34.44 %, respectively, compared
to CUO.

(4) The porosity and water absorption of concrete
at 28 days of age decreased by 27.96 and 13.08 %,
respectively, compared to CUO.
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