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Highlights: 

⚫ The validity of an innovative experimental method for investigating the cohesion-friction properties 

of early-age concrete has been verified. 

⚫ The decoupling of cohesion strength and friction strength in early-age concrete has been achieved. 

⚫ The deformation mechanisms underlying the cohesion and friction properties in early-age concrete 

have been revealed. 

Abstract: As a core material in modern construction, the early-age properties of concrete have a decisive 

impact on the safety and durability of civil engineering structures. However, systematic research on the 

mechanical properties of early-age concrete remains limited, particularly regarding the combined 

influence of cohesive and frictional properties on the material’s macroscopic mechanical behavior, 

which has not been thoroughly explored. To address this gap, this paper employs a decoupling method 

for testing the cohesion-friction mechanical properties of concrete, as proposed in previous work. This 

method successfully separates the cohesive and frictional properties of early-age concrete, validating its 

applicability under early-age conditions and obtaining typical failure modes following material 

performance degradation. Furthermore, by analyzing the evolution patterns of cohesive and frictional 

properties during deformation and strength development, the synergistic mechanism of cohesion-friction 

mechanical properties in early-age concrete was revealed. The results indicate that the responses of 

cohesive and frictional properties to hydrostatic pressure in early-age concrete exhibit significant 

differences. The reduction in macroscopic shear strength and stiffness is fundamentally attributed to the 

irreversible dissipation of cohesive strength. Ultimately, the mechanical behavior of early-age concrete 

gradually approaches that of granular materials without cohesion. 

Keywords: early-age concrete; triaxial test; cohesion-friction properties; deformation behavior; 

strength evolution 
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1. Introduction 

Enhancing urban resilience, especially the ability to cope with natural disasters such as earthquakes and 

extreme environments, is one of the core objectives of modern urban development [1]. The achievement 

of this goal deeply relies on the precise understanding of the basic mechanical behaviors of its constituent 

materials. Concrete, as the most widely used material in urban construction, directly determines the 

performance and durability of engineering structures through its mechanical properties. Existing 

research has shown that concrete is a friction-type material with cementitious properties, where cement 

gel provides cohesion, and the interlocking effect between aggregates exhibits the frictional properties 

of geotechnical materials [2–4]. 

Given the composition and formation properties of concrete materials, their macroscopic 

mechanical properties exhibit significant cohesion-friction properties. Based on this understanding, 

Wang et al. decomposed the macroscopic shear strength of concrete into cohesive strength and frictional 

strength [4]. The cohesive strength is independent of hydrostatic pressure and exhibits mechanical 

properties similar to metallic materials, while the frictional strength increases with the increase of 

hydrostatic pressure. Nevertheless, prevailing research paradigms generally do not differentiate between 

cohesive and frictional properties. Instead, concrete strength is conventionally classified according to 

test configuration—namely, uniaxial compressive/tensile strength [5–7], biaxial strength [8], and triaxial 

strength [9]—without quantitatively assessing the relative contributions of cohesive versus frictional 

strength components. In fact, the proportion of cohesive and frictional strength exerted in different types 

of macroscopic shear strength of concrete varies greatly. For example, in uniaxial tensile strength [10], 

the cohesive strength plays a larger role, while in conventional triaxial compressive strength under high 

confining pressure, the frictional strength dominates. By elucidating the mobilization mechanisms of 

cohesive and frictional properties, concrete strength under varying loading paths can be directly 

characterized via the evolution of their respective strengths. This understanding provides a theoretical 

foundation for fundamentally solving the path dependence of concrete strength and simplifying the 

establishing process of concrete strength theory and constitutive models. 

As the primary material for modern architecture, the early performance of concrete plays a crucial 

role in determining the durability and safety of civil engineering structures [11–13]. Current research on 

the crack propagation, deformation and strength properties of concrete materials mainly focuses on 

specimens under standard curing age. In contrast, systematic studies on the mechanical properties of 

early-age concrete are still insufficient, especially regarding the influence mechanism of cohesion and 

friction properties on the macroscopic mechanical behavior of the material. There is no clear and in-depth 

understanding yet in this regard [14]. Compared with standard curing age concrete with relatively stable 

and dense microstructure, the hydration reaction of early-age concrete has not fully occurred, its 

microstructure is not fully developed, and the cohesion strength has not been fully formed. Therefore, it 

is particularly sensitive to the damage mechanisms such as micro-crack initiation and propagation [14–17]. 

This inherent characteristic highlights the role of frictional resistance in the overall mechanical response 

and also leads to the fact that early-age concrete is more prone to deplete its cohesion properties during 

the mechanical response process, thus providing favorable research conditions for the separation and 

systematic analysis of the cohesive-frictional coupling mechanical behavior. In addition, conducting 

research on the cohesion-friction mechanical properties of early-age concrete can provide key parameters 
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for structural safety assessment, and is directly related to post-disaster emergency repair and rapid 

construction projects such as tunnel lining, foundation pit support, and slope anchoring [18,19]. 

To investigate the cohesive-frictional mechanical properties of early-age concrete and the respective 

mechanisms of their effects, this study selected three different strength grades of early-age concrete and 

conducted systematic triaxial compression tests under four confining pressure levels. Based on the 

systematic analysis of the test results, this study clarified the macroscopic mechanical behavior of 

early-age concrete, revealed the intrinsic relationship between its deformation and strength related to 

cohesion and friction, and thereby clarified the mechanisms of the cohesion-friction mechanical 

properties of early-age concrete of different strength grades under different confining pressure conditions. 

2. Experimental materials and program 

To conduct the aforementioned research, concrete specimens meeting the experimental requirements 

were prepared using raw materials including ordinary Portland cement, coarse aggregate, and fine 

aggregate. It should be noted that the early age of concrete typically refers to multiple stages ranging 

from initial setting to 28 days of curing. This study focuses on the 3-day period, which is critical for 

early-stage hydration reactions and strength development; the term ‘early age’ as used in this paper 

specifically refers to 3 days under standard curing conditions. This study primarily employed conventional 

triaxial compression tests under four distinct confining pressure conditions to comprehensively evaluate 

the mechanical properties of the early-age concrete specimens. 

2.1. Cement and aggregates 

The cementitious material selected for this study is Type II ordinary Portland cement PO42.5R, which 

meets the technical requirements of the national standard GB175-2007. This cement comprises Portland 

cement clinker, appropriate blended materials, and gypsum. It exhibits high strength, significant hydration 

heat, low drying shrinkage, and excellent abrasion resistance, though its corrosion resistance is relatively 

poor. Its detailed chemical composition and component ratios are shown in Figure 1a. 

During the preparation of concrete specimens, both coarse and fine aggregates were selected. The 

coarse aggregate consisted of medium sand with a fineness modulus of 2.86 and crushed stone with 

particle sizes ranging from 5 to 16 millimeters. The gradation curve for the coarse aggregate is shown 

in Figure 1c. River sand was selected as the fine aggregate, and its gradation curve, obtained through 

sieve analysis, is shown in Figure 1d. 

2.2. Specimens preparation 

Concrete specimens were prepared in the concrete laboratory of the west campus at Beijing University 

of Technology. Specimen preparation followed the procedures specified in the standard test methods for 

physical and mechanical properties of concrete. Mix proportions for concrete of different strength grades 

are detailed in Table 1. The dimensions of concrete specimens produced for this study are shown in 

Figure 1b. Concrete mixing was performed using a small single-shaft concrete mixer. Fresh water used 

for testing was sourced from the Beijing municipal waterworks. 
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(a) (c) 

 
 

(b) (d) 

Figure 1. Concrete specimen: (a) Chemical composition and proportion of cement; (b) Size type 

of concrete specimen; (c) Coarse aggregate; (d) Fine aggregate. 

Table 1. Mix proportion design of concrete. 

Strength grade Coarse aggregate (kg/m3) Fine aggregate (kg/m3) Cement (kg/m3) Water (kg/m3) 

C30 1178.88 634.78 317.00 190.00 

C40 1196.31 553.96 388.00 190.00 

C50 1195.66 476.59 475.00 190.00 

The concrete mixing method employs the cement-coated sand and gravel technique. After mixing 

is complete, the fluid concrete is discharged from the drum and all mixed concrete is placed into the 

corresponding molds within 30 minutes. The mixed concrete is placed into the molds in two layers, with 

each layer thoroughly compacted using a vibrating table until no visible air bubbles emerge from the 

concrete surface. Upon concrete placement, the specimens were set at ambient temperature on a level 

surface for 24 hours, during which the molds were covered with transparent PVC sheets to minimize 

moisture loss. After this initial curing, the specimens were demolded and transferred to a standard curing 

chamber maintained at 20 ± 2 °C with relative humidity exceeding 95% for 3 days. 
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2.3. Experimental apparatus 

This study performed conventional triaxial tests using the high‑temperature and high‑pressure 

comprehensive rock testing system. The system consists primarily of a high‑pressure triaxial cell, a 

confining pressure intensifier, and a digital signal conditioning and control unit. During testing, silicone 

oil was injected into the triaxial cell. The confining pressure was then applied by a computer‑controlled 

actuator that compressed the silicone oil, with a maximum achievable confining pressure of 140 MPa. 

After the confining pressure stabilized at the target value, axial load was imposed on the specimen via a 

strain‑controlled axial actuator. The axial loading capacity of the system is 1500 kN. In the experiment, 

a circumferential LVDT sensor and two axial LVDT sensors were used to measure circumferential strain 

3 and axial strain 1 respectively; the volumetric strain v is given by (1 + 23). Strain was determined 

from the ratio of the deformation during loading to the original gauge length of the specimen. The LVDT 

sensors have a measurement range of ± 6 mm and an accuracy of 1e−3 mm. 

2.4. Experimental program 

This study utilizes a testing approach previously proposed by the author to isolate the cohesive and 

frictional components of concrete behavior [16]. By conducting multiple complete triaxial compression 

tests on the same concrete specimen, the stress–strain response obtained during the first loading reflects 

the combined contribution of both cohesive and frictional mechanisms. This initial loading induces 

complete failure of the specimen, thereby exhausting its cohesive capacity to the greatest extent possible. 

The same specimen is then reloaded under identical initial conditions, yielding a stress–strain curve 

governed almost exclusively by frictional properties. The triaxial tests were conducted under drained 

conditions, and there was no influence of pore water pressure. Since the cohesive contribution is largely 

eliminated after the first loading, the subsequent test results predominantly capture the frictional 

response. A comparison of the two loading test results enables the decoupling of the cohesive and 

frictional properties of early-age concrete. This method offers a new perspective for separately obtaining 

the independent deformation and strength evolution patterns of the cohesive phase (i.e., cementitious 

matrix) and the friction phase (i.e., aggregates) under complex stress conditions, thereby aiding in further 

elucidating the macroscopic performance mechanisms underlying the cohesive-frictional behavior of 

concrete. To prevent the heat-shrink tubing, which serves as an insulator, from rupturing due to excessive 

circumferential strain, stop loading once the axial strain reaches 2%; keep the axial actuator stationary, 

remove the specimen after releasing the confining pressure. To minimize the impact of human error on 

the test data, reposition the LVDT sensor on the test bench and immediately begin the second loading.  

The sample numbers, quantities, and corresponding confining pressures are listed in Table 2. In the 

numbers, C30, C40, and C50 represent the concrete strength grades; “F” indicates the first loading test, 

“S” indicates the second loading test under the same conditions; “P” and the subsequent numbers 

represent the confining pressure values of the triaxial tests; i = 1, 2, 3 are the parallel test sequence 

numbers. The tests use four confining pressures of 0, 3 MPa, 6 MPa, and 9 MPa. All tests use axial strain 

control, with a loading rate of 0.001%/s and a data acquisition interval of 2 seconds [20,21]. 
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Table 2. Experimental scheme for cohesion-friction properties. 

Strength grade Specimen number Quantity Confining pressure (MPa) 

C30 

 

C40 

 

C50 

C30FP0-i C40FP0-i C50FP0-i 

3 

0 

C30FP3-i C40FP3-i C50FP3-i 3 

C30FP6-i C40FP6-i C50FP6-i 6 

C30FP9-i C40FP9-i C50FP9-i 9 

C30SP3-i C40SP3-i C50SP3-i 3 

C30SP6-i C40SP6-i C50SP6-i 6 

C30SP9-i C40SP9-i C50SP9-i 9 

3. Experimental results and discussion 

This section employs the experimental protocol described in Section 2.4, utilizing the GCTS RTR1500 

High-Temperature High-Pressure Rock Testing System to conduct uniaxial and triaxial compression tests 

on the mechanical properties of C30, C40, and C50 concrete. Based on the test results, an in-depth analysis 

of the cohesion-friction properties of concrete materials under complex stress environments is presented. 

3.1. Macroscopic mechanical properties of early-age concrete 

3.1.1. Failure modes 

In conventional triaxial compression tests, the circumferential constraint provided by confining pressure 

significantly alters the friction mechanical response of concrete materials. As shown in Figure 2, for all 

concrete specimens cured for 3 days, the failure patterns under different confining pressures after two 

loading exhibited the following properties: All specimens displayed macroscopic cracks traversing the 

diagonal. This failure mode, after excluding external factors such as silicone oil, showed well-developed 

cracking in the specimens. Under uniaxial compression, specimens primarily exhibited splitting failure, 

characterized by dominant longitudinal cracks on the surface with low microcrack development [22]. 

As initial hydrostatic pressure increases, the failure mechanism of concrete gradually shifts toward shear 

failure. Specifically, high confining pressure suppresses the propagation of vertically oriented cracks 

dominated by tensile stress [23–26]. This induces slip and shear deformation between particles within 

the material, generating microcracks at original defects such as interfaces between aggregates and 

cement matrix or within material voids. These microcracks propagate slowly along planes of maximum 

shear stress, significantly enhancing shear strength and ductile deformation capacity. This mechanical 

strengthening effect enables concrete to withstand greater shear deformation during stress redistribution 

without tensile failure, ultimately exhibiting typical shear failure properties. 

Additionally, the reinforcing effect of confining pressure activates the material’s friction properties, 

manifested as a significant increase in microcrack density on the specimen surface accompanied by 

volumetric expansion [23]. Comparative analysis indicates that the splitting-shear failure mode of C40 

and C50 concrete exhibits similar mechanical behavior to C30 concrete. As concrete strength grades 

increase, the stress levels it can withstand under identical initial hydrostatic pressure also rise, enabling 

greater dissipation of external load energy. This energy dissipation process manifests at the material 

level as increased microcracking, a phenomenon that becomes increasingly pronounced with higher 

hydrostatic pressure. 
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Figure 2. Failure modes of concrete specimens: (a) C30FP0; (b) C30SP3; (c) C30SP6; (d) C30SP9; 

(e) C40FP0; (f) C40SP3; (g) C40SP6; (h) C40SP9; (i) C50FP0; (j) C50SP3; (k) C50SP6; (l) C50SP9. 

3.1.2. Deformation properties of early-age concrete 

The stress-strain curves from conventional triaxial compression tests on three different concrete strength 

grades under four distinct initial hydrostatic pressures are shown in Figure 3. For each strength grade, 

three parallel test sets were conducted under varying confining pressures to minimize random errors 

caused by incidental factors, thereby enhancing the precision and reliability of the test results. Average 

stress-strain curves under different initial hydrostatic pressure conditions were calculated through linear 

interpolation, with specific results shown in Figure 3. The three parallel curves in this paper show little 

difference in the post-peak softening region, and their failure strains are very close. Based on the 

common strain range, we performed linear interpolation across the entire segment using small strain 

increments of 0.02%, then calculated the mean value at each point to obtain the average curve. The 

consistency between the deformation patterns revealed by the averaged data and those from the original 

test results further validates the reliability of the testing process and outcomes. 
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(a) (b) 

 

(c) 

Figure 3. Average stress-strain curves of concrete specimens: (a) C30F; (b) C40F; (c) C50F. 

The deformation data for C30 concrete in Figure 3 indicate that under uniaxial loading condition, 

the absence of confining pressure allows microcracks to rapidly form and propagate both internally and 

externally within the specimen. The external load-bearing capacity decreases sharply, manifesting as 

pronounced strain softening behavior on the stress-strain curve after reaching peak stress. It is evident 

that in conventional triaxial compression tests, the confining pressure provides hoop restraint that 

effectively limits crack propagation both inside and outside the concrete specimen. During deformation, 

even if strain softening occurs after the specimen reaches peak stress, it is no longer as pronounced 

compared to uniaxial compression test results. Simultaneously, as confining pressure increases, the peak 

stress of concrete also rises, with corresponding axial and hoop strains gradually increasing. The post-peak 

region of the deformation curve becomes progressively flatter, resulting in a more rounded curve profile. 

Figure 3b,c demonstrates that C40 and C50 concrete exhibit deformation patterns similar to C30 concrete. 

Comparing the deformation curves of the three strength grades under identical confining pressure reveals 

that as concrete strength increases, the peak stress rises while strain softening becomes more pronounced. 
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3.1.3. Strength properties of early-age concrete 

Comparing the macroscopic shear strength of the three concrete grades under different confining 

pressures reveals that the strengthening effect of confining pressure on shear strength gradually 

diminishes as confining pressure increases. Compared to C30 concrete, cohesion strength contributes a 

larger proportion to the macroscopic shear strength of C40 and C50 concrete, while confining pressure 

has a limited effect on cohesion strength. Consequently, the enhancement effect of confining pressure 

on the macroscopic shear strength of C40 and C50 concrete is far less pronounced than that on C30 

concrete, resulting in a correspondingly smaller increase in peak stress. 

The cohesive strength and friction strength of concrete materials can be clearly demonstrated 

through strength properties on the meridian plane. Within this plane, the generalized shear stress q and 

hydrostatic pressure p correspond to the vertical and horizontal coordinates, respectively, with their 

specific expressions as follows: 

1 2 3

3
p

s s s+ +
=  (1) 

( ) ( ) ( )
2 22

1 2 2 3 3 1

1

2
q s s s s s s= − + − + −  (2) 

Here, s₁, s₂, and s₃ represent the major, intermediate, and minor principal stresses in the principal stress 

space. In conventional triaxial compression tests, s₂ = s₃. By substituting the principal stresses into 

Equations (1) and (2), the hydrostatic pressure p and generalized shear stress q at the strength point under 

different confining pressures were obtained. By performing linear fitting on the hydrostatic pressure p 

and generalized shear stress q at the strength points, the strength curve on the meridian plane was 

obtained, as shown in Figure 4. 

 

Figure 4. Strength properties of specimens on the meridional plane during initial loading. 

The high fitting correlation coefficients R² indicate that the strength data fits well. The intersection 

of the strength curve with the vertical axis represents cohesion qc. For concrete materials, cohesion qc is 

positively correlated with cohesive strength s0, while the slope corresponds to the tangent value of the 
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internal friction angle [3]. Based on the linear fitting results, cohesion qc and internal friction angle φ 

were calculated for concrete of various strength grades: qc = 4.50 MPa for C30 concrete, φ = 61.33°; for 

C40 concrete, qc = 8.07 MPa, φ = 62.24°; for C50 concrete, qc = 12.10 MPa, φ = 62.50°. Comparative 

calculations indicate that as concrete strength grades increase, cohesion rises and cohesive strength also 

grows; the internal friction angle of early-age concrete specimens exhibits minimal variation. The 

fundamental reason for this parameter response difference lies in the insufficient development of the 

matrix bonding strength in early-age concrete materials, resulting in a lower stress tolerance level. At 

lower stress levels, the friction strength differences between concrete of varying strength grades are 

relatively small. Similar friction angles indicate that the strength differences between concrete grades 

primarily stem from variations in cohesive strength. 

3.2. Cohesion-friction properties of early-age concrete 

3.2.1. Deformation properties 

Since this study utilized concrete specimens cured for only 3 days under standard curing conditions, the 

current specimens’ macroscopic shear strength could not reach the material’s design strength. 

Simultaneously, the cohesive strength of the concrete significantly decreased after the initial loading, 

rendering the specimens incapable of sustaining axial loads under unconfined conditions. Therefore, the 

study employed the testing method described in Section 2.4 to analyze the cohesion-friction properties 

of the concrete material exclusively under conventional triaxial compression test conditions with 

confining pressures of 3 MPa, 6 MPa, and 9 MPa. Figure 5 presents the stress-strain curves of early-age 

concrete specimens from the three strength grades during the second loading process under different 

confining pressures. Results indicate that for C30, C40, and C50 concrete, the peak stress (i.e., frictional 

strength) of the stress-strain curve gradually increases with rising confining pressure. Under identical 

confining pressure conditions, the peak stress values and corresponding axial and hoop strains of 

different strength concrete grades were relatively close. This indicates that the macroscopic shear 

strength differences among concrete grades under the same confining pressure are primarily governed 

by cohesion strength. 

Additionally, strain softening was still observed in the deformation curves of some specimens, 

indicating that the cohesive strength of the specimens had not been fully exhausted. However, compared 

to the first loading deformation results of concrete specimens in Figure 3, post-peak strain softening was 

not pronounced, exhibiting deformation properties similar to pure friction geomaterials like sandy soils. 

Comparing Figure 5b,c to Figure 5a reveals that C40 and C50 concrete exhibit friction deformation 

properties similar to C30 concrete. Furthermore, the friction strength differences among concrete of 

varying strength grades under identical confining pressure are relatively minor. The fundamental 

mechanism lies in the fact that, under identical confinement conditions, the friction strength component 

within the macroscopic shear strength of concrete of different strength grades remains relatively stable. 

Conversely, the cohesion strength component demonstrates a pronounced gradient strengthening effect 

as the material strength grade increases. 
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(a) (b) 

 
(c) 

Figure 5. Average stress-strain curves of concrete specimens: (a) C30S; (b) C40S; (c) C50S. 

By comparing the stress-strain curves obtained from two loading tests conducted under identical 

confining pressure conditions on the same specimen, the cohesion-friction coupling mechanism of 

early-age concrete materials can be effectively revealed. Figure 6 displays the deformation curves from 

the first and second loading tests under different confining pressures for three strength grades concrete 

cured for 3 days. The comparison reveals that the three strength grades exhibit similar deformation 

patterns: the deformation curve of the first loading test shows significant strain softening compared to 

the second loading test. As concrete strength grades increase, the post-peak segment of the first loading 

deformation curve becomes steeper under identical confining pressure, indicating more pronounced 

strain softening. Combining friction deformation test results reveals that friction strength is 

approximately equal across different strength grades under the same confining pressure. However, 

higher concrete strength grades exhibit greater macroscopic shear strength under identical confining 

pressure, consequently yielding higher cohesion strength. Although the first loading may not completely 

exhaust the cohesive strength of the concrete material, its residual value at the end of loading becomes 

negligible compared to the initial state. 
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(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 6. Comparison of stress-strain curves of two triaxial compression tests on the same concrete 

specimen: (a) C30P3; (b) C30P6; (c) C30P9; (d) C40P3; (e) C40P6; (f) C40P9; (g) C50P3; (h) C50P6; 

(i) C50P9. 

According to the method for determining the static compressive modulus of elasticity of concrete 

specified in ASTM C469-02 standard test method for static modulus of elasticity and Poisson’s ratio of 

concrete in compression, the modulus of elasticity reflected in the deformation curves of concrete 

specimens of different strength grades under varying confining pressures was extracted from Figure 6. 

The results are shown in Figure 7. The data in the figure represent the average values from three parallel 

tests conducted under identical conditions. As shown in the figure, the cohesive strength of the concrete 

specimens continuously deteriorates with loading. Consequently, the elastic modulus measured in the 

first loading test is consistently higher than that obtained in the friction loading test (second loading), 

indicating degradation in both the strength and stiffness of the concrete material. This deformation 

characteristic further validates the damage mechanism revealed by Wang et al. [27], where both 

cohesion strength and stiffness of concrete materials degrade during loading. Additionally, for concrete 
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of the same strength grade, increasing initial confining pressure enhances the elastic modulus exhibited 

during deformation. Under identical confining pressure, the elastic modulus values for concrete of 

different strength grades in both loading tests increase with higher strength grades. 

   

(a) (b) (c) 

Figure 7. Comparison of elastic modulus of two loaded concrete specimens: (a) C30 concrete; 

(b) C40 concrete; (c) C50 concrete. 
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internal material evolution: During the initial phase of the first loading, the concrete contained initial 

voids formed by incomplete hydration or inadequate compaction [7]. As the load increased, the specimen 

gradually compacted, reducing its overall volume and exhibiting shear contraction behavior. Higher 

confining pressure results in greater compaction of the specimen during the volumetric contraction phase. 

Since the first loading has already closed a significant number of initial voids, and further compression 

of these voids is difficult under the same initial hydrostatic pressure during subsequent loading, the 

volumetric change during the second loading is significantly reduced. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 8. Volume strain-stress curves of concrete specimens: (a) C30F; (b) C30S; (c) C40F; 

(d) C40S; (e) C50F; (f) C50S. 
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3.2.3. Strength properties 

Based on the hydrostatic pressure p and generalized shear stress q at the strength points for concrete of 

the same strength grade under different loading conditions, linear fitting was applied to plot the strength 

curves on the meridian plane for concrete of different strength grades, as shown in Figure 9. The 

correlation coefficients of the linear fitting functions for the test data of C30, C40, and C50 concrete at 

the 3-day curing age all exceeded 0.996. The strength curves on the meridian plane indicate that during 

the second loading test: C30 concrete exhibited residual cohesion and internal friction angle of 0.40 MPa 

and 61.32°, respectively; C40 concrete showed residual cohesion and internal friction angle of 0.30 MPa 

and 62.24°, respectively; while C50 concrete exhibited residual cohesion and internal friction angle of 0 

and 62.22°, respectively. Comparative analysis reveals minimal differences in residual cohesion and 

internal friction angle among the three concrete grades. Compared to the first loading test results, 

residual cohesion is nearly negligible. This indicates that shear strength during the second loading 

process is primarily provided by friction strength. Compared to the first loading test, the linear 

relationship between specimen strength and load significantly strengthened during the second loading 

test, as evidenced by the correlation coefficient for linear fitting increasing to 0.996. This phenomenon 

primarily arises because the second loading test predominantly exploits the material’s friction properties, 

and pure friction properties exhibit a more linear relationship with changes in stress state. 

  
(a) (b) 

 
(c) 

Figure 9. Comparison of strength curves of concrete loaded twice on the meridian plane: (a) C30 

concrete; (b) C40 concrete; (c) C50 concrete. 
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Comparing the strength curves of three concrete specimens with different strength grades and a 

curing age of 3 days under two loading on the meridian surface, as shown in Figure 9. The two strength 

curves are nearly parallel, validating Wang et al.’s view that cohesion strength remains unaffected by 

hydrostatic pressure, while friction strength is significantly influenced by hydrostatic pressure [4]. 

During the first loading, the cohesive strength of concrete exhibits non-uniform variation, while the 

fracture of coarse aggregates and mortar occurs randomly [28–30]. Together, these factors result in a 

stress-strain curve displaying pronounced nonlinear properties. In contrast, during the second loading, 

the cohesive strength is largely depleted, and the fracture of coarse aggregates and mortar at lower stress 

levels is significantly reduced. Consequently, the strength curve exhibits a stronger linear trend. These 

phenomena indicate that concrete, as a cohesive-frictional material, derives its shear strength from both 

cohesion and friction, while its deformation behavior encompasses both solid deformation and inter-particle 

frictional deformation. During loading, the progressive loss of cohesive properties suggests that damage 

primarily affects the material’s cohesive properties; as damage intensifies, the role of frictional behavior 

becomes increasingly prominent. When the concrete is completely destroyed in its limit state, its cohesive 

strength is completely lost. At this time, the shear strength depends entirely on the friction strength. 

4. Conclusion 

This study focuses on early-age concrete as the experimental subject. A test method capable of 

evaluating the cohesion-friction mechanical properties of the material was employed, and triaxial 

compression tests were conducted using a high-temperature and high-pressure rock testing system. This 

method effectively separates the cohesive and frictional properties of concrete, revealing their respective 

evolution laws during deformation and strength development, thereby elucidating the combined action 

process of cohesion and friction mechanisms in early-age concrete. The relatively low cohesive strength 

of early-age concrete provides favorable experimental conditions for investigating cohesion-friction 

mechanical properties. The main conclusions are as follows:  

(1) The feasibility of the author’s previously proposed test method for analyzing the cohesion-friction 

mechanical properties of early-age concrete is verified. The cohesive and frictional properties of early-age 

concrete were decoupled experimentally. A two-stage loading procedure was adopted to obtain both the 

macroscopic mechanical behavior reflecting the combined effect of cohesion and friction and the 

mechanical response reflecting only the frictional properties. 

(2) Under the same confining pressure, the difference in macroscopic shear strength among early-age 

concretes of different strength grades is primarily determined by their cohesive strength, while their 

frictional strength remains largely consistent. Confining pressure influences the shear performance of 

concrete by modulating the frictional strength, within the confining pressure range of this experiment, 

the cohesion strength exhibits relatively low sensitivity to confining pressure. 

(3) During the loading process, the cohesive properties of early-age concrete are continuously 

consumed, and the frictional properties gradually become prominent. The reduction in macroscopic 

shear strength and stiffness fundamentally originates from the irreversible dissipation of cohesive 

strength. Under the sustained action of external loads, material damage is mainly manifested as the 

degradation of cohesive properties, accompanied by a progressively enhanced frictional response. 

Ultimately, the mechanical behavior of early-age concrete approaches that of a cohesionless soil. 
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It should be noted that both loading test methods employed in this study involve the coupling of 

cohesion and friction properties; however, the cohesive behavior exhibited by the same specimen during 

the second loading cycle is virtually negligible. Furthermore, microcracks and structural damage 

generated during the initial loading stage alter the interlocking structure between aggregates to some 

extent. This study will be further refined in the future through numerical simulation. 
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