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Abstract 

To reveal the evolution laws of shear mechanical behavior and size effect of prestressed 
Recycled Aggregate Concrete (RAC) beams under dynamic loading conditions, a three-
dimensional five-phase meso-scale numerical model was established based on the 
ABAQUS2020 software. The bond–slip behavior between steel bars and concrete was con-
sidered, and prestress was applied using the temperature cooling method. The effects of 
prestress level, cross-sectional size and strain rate on failure modes, load–displacement 
curves, ultimate shear capacity and nominal shear strength were systematically investi-
gated. The results show that increasing the prestress level can significantly restrain the 
initiation and propagation of diagonal cracks, reduce the brittleness of the failure mode, 
and effectively mitigate the shear size effect. The nominal shear strength decreases obvi-
ously with an increase in cross-sectional size but increases significantly with an increase 
in strain rate, exhibiting a pronounced strain rate hardening characteristic. Large-scale 
beams are more sensitive to strain rate, and a high strain rate can reduce the disparity in 
shear performance among members of different sizes and further weaken the size effect. 
Based on Bažant’s Size Effect Law (SEL), a modified formula for dynamic shear strength 
considering the coupled effects of prestress level, strain rate and cross-sectional size was 
proposed by introducing a prestress enhancement coefficient γ and a strain rate enhance-
ment coefficient β. The calculated results of this formula are in good agreement with the 
numerical results obtained in this study. Within the investigated parameter range, the 
present work can provide a reference for the shear design and safety assessment of pre-
stressed recycled aggregate concrete beams under dynamic loading. 

Keywords: prestressed RAC beam; prestress level; strain rate; meso-scale numerical  
simulation; size effect characterization 
 

1. Introduction 
Recycled Aggregate Concrete (RAC) is a green building material produced by crush-

ing and screening waste concrete to replace natural aggregate. It can effectively utilize 
construction solid waste and relieve the over-exploitation pressure of natural sand and 
gravel resources [1,2]. However, recycled coarse aggregate particles are attached with old 
mortar, have high internal porosity, and feature dual Interfacial Transition Zones (ITZs). 
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As a result, the meso-structure of RAC is more complex than that of natural aggregate 
concrete, and its mechanical properties tend to decline with an increase in aggregate re-
placement ratio, accompanied by significantly increased discreteness [3–6]. Wang et al. [7] 
found that the splitting tensile strength and elastic modulus decrease with an increase in 
replacement ratio. Kristensen et al. [8] confirmed through large-scale tests that recycled 
coarse aggregate with optimized mix proportions can still replace natural aggregate. 
These studies indicate that heterogeneous material properties are the essential cause of 
mechanical degradation in RAC. 

At the member level, great progress has been made in the shear behavior of rein-
forced RAC beams. Du et al. [9] conducted shear tests on RAC beams with different re-
placement ratios (0%, 50%, 100%) and shear span-to-depth ratios. The results show that 
their failure modes are similar to those of normal concrete beams, but the shear capacity 
decreases with increasing replacement ratio. Fathifazl et al. [10] obtained similar conclu-
sions for RAC beams with web reinforcement. Notably, Zhao et al. [11] first clearly re-
vealed the size effect phenomenon in shear failure of RAC beams through a series of tests 
on beams without web reinforcement with different sizes: the nominal shear strength de-
creases significantly with an increase in section height. Xiao et al. [12] conducted experi-
mental studies on the shear performance of recycled concrete beams and found that their 
failure modes were similar to those of conventional concrete beams, while their shear ca-
pacity decreased with an increase in the replacement ratio of recycled coarse aggregate. 
However, these experimental studies have a key limitation: they were all conducted under 
quasi-static loading conditions. The size effect on the shear mechanical behavior of RAC 
beams under dynamic loading, especially in the presence of prestress, has not yet been 
addressed. The size effect is an inherent property of quasi-brittle materials such as con-
crete. Based on nonlinear fracture mechanics, Bažant [13] proposed the classical Size Effect 
Law (SEL). Bažant et al. [14–16] further extended it to shear failure of reinforced concrete 
beams and established a theoretical framework for the size effect of shear strength in 
beams without web reinforcement. Syroka-Korol et al. [17] verified the theory using digi-
tal image correlation (DIC). Jin et al. [18,19] found through meso-scale simulations that 
the stirrup ratio, shear span-to-depth ratio and longitudinal reinforcement ratio all affect 
the size effect of shear strength. Liu et al. [20] studied the shear behavior and size effect of 
beams without web reinforcement and found that the nominal shear strength decreases 
gradually with increasing shear span-to-depth ratio and replacement ratio. In the field of 
dynamic loading, Park and Krauthammer [21] established a linear elastic fracture mechan-
ics (LEFM)-based dynamic crack criterion for concrete beams and demonstrated that the 
size effect and rate effect under dynamic loading are not independent phenomena, with 
the kinetic energy rate being the primary cause of the rate effect. However, the above 
studies did not consider the rate effect of prestressed RAC beams under dynamic loading. 
Most of these studies focused on normal concrete or static loading conditions, and the size 
effect of RAC beams under dynamic loading conditions remains insufficiently studied. 
Prestressing technology is an effective method to improve the crack resistance and shear 
performance of concrete members. By introducing a precompressive stress field in the 
member, tensile stress can be effectively counteracted, the initiation of diagonal cracks can 
be delayed, and the shear capacity can be improved. Jia et al. [22] confirmed that increas-
ing the prestress level can significantly improve the cracking load and shear capacity. 
Brandes and Kurama [23] conducted shear tests on prestressed recycled concrete beams 
with different prestress levels and confirmed that prestressed recycled concrete beams can 
achieve reliable shear performance under ultimate loading. Jafari et al. [24] performed a 
systematic numerical study on post-tensioned coupling beams, with the main findings 
including: a higher initial prestress ratio can reduce damage severity, the axial compres-
sion ratio has the greatest influence on damage severity, and increasing the prestress level 
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can delay crack propagation, reduce damage concentration, and enhance energy dissipa-
tion capacity. However, the above studies were either based on conventional concrete or 
limited to quasi-static/cyclic loading conditions. Abdul-Rahman et al. [25] experimentally 
investigated the static and dynamic behavior of prestressed concrete under shear loading 
and confirmed the rate sensitivity of prestressed members, but their work focused on con-
ventional concrete rather than RAC. The combined application of prestressing technology 
and recycled aggregate concrete under dynamic loading has not yet been systematically 
investigated, and the influence of prestress level on the shear failure mode and load-car-
rying capacity of RAC beams under different strain rates remains to be fully clarified. 

In practical engineering, concrete structures are often subjected to dynamic loads, 
such as earthquakes and impacts, and concrete exhibits significant strain rate sensitivity. 
Fan et al. [26] conducted a comprehensive review and systematic analysis of 116 studies 
on dynamic increase factor (DIF) and established a mathematical model correlating spec-
imen size and static strength with dynamic strength. They pointed out that static strength 
has the most significant influence on DIF, followed by specimen size. Jin et al. [27] studied 
the size effect behavior of concrete under uniaxial compression at different strain rates 
(10−5/s∼200/s) using meso-scale simulations and found a critical strain rate around 1 s: 
below this value, the size effect weakens with increasing strain rate; above this value, it 
strengthens. Jin et al. [28] further found that increasing the strain rate reduces the influ-
ence of the confining stress ratio on the biaxial strength size effect. Işık et al. [29] investi-
gated the effects of strain rate (10−7/s∼10−3/s) and specimen size on the direct shear behav-
ior of concrete through push-off tests. The results show that shear strength exhibits a sig-
nificant rate effect, and its size dependence follows the Type-I Size Effect Law. At the 
member level, Jin et al. [30], based on the ABAQUS finite element numerical simulation 
platform, established a three-dimensional meso-scale numerical analysis model, consid-
ering the heterogeneity of concrete materials as well as the strain rate effects of both steel 
reinforcement and concrete. It is found that the nominal shear strength decreases with 
increasing beam height, while increasing the strain rate and stirrup ratio can enhance the 
nominal shear strength and mitigate its size effect. Li et al. [31] found that dynamic mate-
rial properties improve with increasing strain rate, and RAC shows more significant strain 
rate sensitivity than normal concrete. Nevertheless, none of the above dynamic loading 
studies involve prestressed RAC beams. In terms of numerical simulation, meso-scale 
modeling has become an effective tool to reveal the mechanical mechanism of concrete. 
Naderi and Zhang [32] established a computational framework considering realistic ag-
gregate shapes and found that although irregular aggregate shapes affect microcrack nu-
cleation and fracture patterns, tensile strength is mainly governed by strain rate and ag-
gregate distribution rather than aggregate shape. Liu et al. [33] studied the size effect of 
RAC under dynamic compression and also obtained a critical strain rate of 1/s. Zhuo et al. 
[34] verified that Bažant’s Size Effect Law is applicable to the compressive behavior of 
RAC. Nevertheless, the above dynamic studies did not involve prestressed RAC beams, 
and the synergistic coupling effect of prestress and strain-rate effects on the shear size 
effect remains completely unexplored. 

Based on the above analysis, the following unresolved key issues remain in existing 
studies: (1) the mechanism by which prestress affects the shear behavior of RAC beams 
remains unclear, particularly the coupled effects of prestress level, cross-sectional size, 
and loading rate; (2) the evolution of the size effect in prestressed RAC beams under dy-
namic loading conditions remains unexplored, and the synergistic mechanism between 
the precompressive stress field and dynamic loading has not been revealed; and (3) theo-
retical models for the size effect on shear strength that comprehensively consider the mul-
tifactor coupling of prestress level, strain rate, and cross-sectional size are lacking, and 
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existing modified formulas have not simultaneously introduced prestress and strain-rate 
enhancement effects. 

To fill the above research gaps, a three-dimensional five-phase mesoscopic numerical 
model is established in this study for the specified parameter conditions. Using this 
model, the combined influences of prestress level, strain rate and cross-sectional dimen-
sion on the dynamic shear performance and size effect of prestressed RAC beams are sys-
tematically analyzed. A modified size effect formula is further developed by introducing 
the prestress enhancement coefficient γ and strain-rate enhancement coefficient β. The re-
search outcomes can serve as a reference for the shear design and safety assessment of 
prestressed RAC members under dynamic loading within the studied parameter range. 

2. Meso-Scale Numerical Analysis Model 
2.1. Geometric Model Establishment 

Concrete and RAC are typical Heterogeneous Composite Materials. Recycled coarse 
aggregate particles feature high porosity and abundant microcracks, leading to more sig-
nificant microstructural variability in RAC than in normal concrete. According to Ref. [35], 
at the meso-scale, recycled coarse aggregate particles are modeled as spherical particles 
composed of Five-Phase Composite Material: natural aggregate, Old Interfacial Transition 
Zone (Old ITZ), old hardened mortar, New Interfacial Transition Zone (New ITZ), and 
new hardened mortar, as shown in Figure 1. A meso-scale model of recycled coarse ag-
gregate was established using the ABAQUS2020 software, and a 3D random distribution 
model was generated via a Python 3.12 script to simulate the spatial distribution of aggre-
gates in beams, so as to reproduce the experimental details as accurately as possible. Re-
cycled aggregate follows a two-stage gradation with particle sizes ranging from 20 mm to 
40 mm. The number of aggregates is determined by the Fuller Grading Curve [36], ex-
pressed as: 

0

max

100 DP
D

 
=  

   
(1)

where P is the mass percentage of aggregates passing the sieve size D0; D0 is the sieve 
diameter; Dmax is the maximum aggregate size. 

. 

Figure 1. Internal configuration of the RAC beam and mesoscale aggregate model. 

For the recycled coarse aggregate phase in prestressed RAC beams, C3D8R solid el-
ements were used. Steel bars and prestressed strands were modeled with T3D2 truss ele-
ments. Two rigid loading blocks were set at the loading points, and their midlines were 
coupled to a reference point P. Displacement-controlled loading was applied to point P so 
that the loading blocks could rotate with the bending deformation of the beam, avoiding 
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artificial stress concentration and damage to the beam caused by constrained rotation of 
the loading blocks. One support was fixed with displacement constraints in X, Y, and Z 
directions and rotational constraints around Y and Z axes. The other support was con-
strained in X and Y directions and restrained against rotation around Y and Z axes to 
simulate simply supported boundary conditions. 

Regarding the correctness of the spherical modelling of recycled concrete coarse ag-
gregates, the following two aspects are mainly considered: (1) The effect of the spherical 
assumption on crack propagation. Quantitative assessments of the difference between 
spherical and realistic aggregate shapes are available in the literature. Naderi and Zhang 
[32] compared spherical and realistic aggregate shapes in meso-scale simulations of con-
crete tensile fracture. They found that the aggregate shape affects the nucleation site and 
local propagation pattern of microcracks but has no significant effect on the macroscopic 
tensile strength; the tensile strength depends mainly on the strain rate and the spatial dis-
tribution of aggregates. (2) Effect of the spherical assumption on shear response. Under 
shear loading, the angularities of irregular aggregates may enhance the mechanical inter-
lock at the aggregate–mortar interface, whereas spherical aggregates have smooth sur-
faces and may thus underestimate the aggregate interlock and friction energy dissipation 
along the crack surface. However, existing studies [37–40] indicate that the strength char-
acteristics of the ITZ, the aggregate volume fraction, and the spatial distribution of aggre-
gates are more dominant factors governing the macroscopic shear strength of members. 

2.2. Bond–Slip Relationship and Prestress Application 

In actual beams, steel reinforcement and recycled aggregate concrete (RAC) exhibit 
cooperative deformation and bond stress. To reflect the interaction between bottom lon-
gitudinal reinforcement, prestressing strands and RAC in the model, the bond–slip rela-
tionship for reinforced concrete recommended by Code [41] is adopted. The bottom lon-
gitudinal reinforcement, prestressing strand and other reinforcement are connected to 
RAC by nonlinear spring elements. By considering the bond–slip behavior between rein-
forcement and concrete in the ABAQUS modeling of reinforced concrete beams, the actual 
interaction behavior between the two materials can be better reproduced, so that the ob-
tained load–displacement curve, crack propagation, reinforcement stress variation and fi-
nal failure mode are closer to the test results. 

The prestress was applied to the prestressing strand using the cooling method. This 
method achieves equivalent prestressing through thermal expansion and contraction, and 
the temperature load is applied uniformly and controllably, resulting in a more uniform 
stress distribution in the strands. It can better restore the actual prestressing process, form 
a stable precompressive stress inside the concrete, and further improve the calculation 
accuracy of the finite element model. Specifically, a controllable temperature field was 
applied to the prestressing strands, and the temperature was gradually reduced from nor-
mal temperature to −440 °C to induce contraction deformation of the strands. Tensile 
stress is thus established in the prestressing strands, and equivalent precompressive stress 
is formed in the concrete, which is equivalent to the mechanical state achieved by the tra-
ditional tensioning process and meets the prestress level requirements of the model test. 
The same prestress value as in the test was calculated by Equation (2), thereby producing 
the same prestress effect as the test. The reinforcement layout of the prestressing strand is 
shown in Figure 2. 

∆T=
σ

E·α (2)

where: ∆T is the temperature reduction; σ is the stress; α is the coefficient of thermal ex-
pansion; E is the elastic modulus. 



Buildings 2026, 16, 2606 6 of 28 
 

https://doi.org/10.3390/buildings16132606 

 

Figure 2. Schematic layout of prestressing reinforcement in prestressed recycled aggregate concrete 
(RAC) beam. 

When the thermal cooling method is used to apply prestress, its basic assumptions 
are as follows. (1) Uniform temperature field: a uniform temperature reduction is applied 
along the full length of the strand, which can make the stress distribution along the strand 
more uniform. (2) Elastic thermal contraction: the strain of the strand depends only on 
Equation (2). In the present simulation, −440 °C is only the numerical temperature differ-
ence used to reproduce the prestress in the strand, rather than the actual physical temper-
ature of the strand. In the finite element analysis, it serves only as a control parameter for 
generating the target contraction strain and does not involve material properties at low 
temperature. (3) No prestress loss: time-dependent losses caused by concrete shrinkage 
and creep, strand relaxation, and anchorage deformation are not considered. The model 
reflects an ideal state immediately after prestress application. 

This study aims to investigate the coupled effects of prestress level, strain rate, and 
cross-sectional size on the dynamic shear performance of RAC beams. It is a parametric 
mechanistic study, with the main focus on the crack-suppression behavior induced by 
different initial effective prestress levels rather than on the long-term time-dependent be-
havior of the prestressing system. Regarding prestress loss, shrinkage, creep, and relaxa-
tion are all long-term effects, while the short-term dynamic loading process simulated in 
this study is much shorter than their time scales; therefore, neglecting long-term losses 
does not affect the comparative conclusions. Regarding transfer length, the critical diago-
nal crack is located in the middle of the flexural-shear span, beyond the typical transfer 
length range from the beam end, namely 50–80 times the strand diameter. Thus, a uniform 
prestress field provides an equivalent approximation of the stress state in this region. 

Limitations: this method cannot capture bond stress concentration and end mi-
crocracks within the transfer length region, cannot simulate long-term prestress loss, and 
cannot characterize the detailed stress state in the anchorage zone. For studies involving 
the above issues, more refined modeling strategies are required. In summary, the thermal 
cooling method is applicable and computationally efficient within the framework of this 
study, and its simplifications do not affect the validity of the main conclusions. 

2.3. Constitutive Relationships 

The constitutive model of steel reinforcement adopts a bilinear elastic-hardening 
model. The yield strength is determined by measured values from material property tests, 
the elastic modulus is selected according to conventional values, and Poisson’s ratio is set 
to 0.3. The constitutive model of prestressing strands adopts the no-yield point reinforce-
ment model built into ABAQUS2020. The concrete damage plasticity model embedded in 
the software is used to define relevant damage and plasticity parameters. The mechanical 
performance parameters of five-phase materials, including natural aggregate, old mortar, 
new mortar, old interfacial transition zone and new interfacial transition zone, are deter-
mined by the constitutive curves proposed in the literature [42]. The specific values are 
listed in Table 1. 

Table 1. Material property parameters. 
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Parameter Category Natural 
Aggregate 

Old Mortar New Mortar Old ITZ New ITZ 

Elastic modulus (GPa) 80.00 19.27 23.68 19.27 23.68 
Poisson’s ratio 0.16 0.22 0.22 0.20 0.20 

Compressive strength (MPa) 80.00 18.17 26.78 10.20 12.20 
Compressive strain —— 3.77 × 10−3 2.80 × 10−3 3.77 × 10−3 2.80 × 10−3 

Ultimate strength (MPa) —— 6.06 8.93 3.40 4.06 
Ultimate strain —— 0.010 0.008 0.010 0.008 

Tensile strength (MPa) 10.00 1.66 1.91 1.02 1.22 
Tensile strain —— 1.0 × 10−4 1.0 × 10−4 1.0 × 10−4 1.0 × 10−4 

Dilation angle (°) —— 38 38 35 35 
Eccentricity e —— 0.1 0.1 0.1 0.1 

Viscosity parameter μ —— 1.0 × 10−4 1.0 × 10−4 5.0 × 10−5 5.0 × 10−5 
Tensile fracture energy Gf (N/m) —— 80 95 30 38 

Compressive fracture energy Gc (N/m) —— 8000 9500 3000 3800 

2.3.1. Damage Evolution and Fracture Energy Regularization 

The CDP model defines the compressive damage dc and the tensile damage d୲ as 
functions of the corresponding inelastic/cracking strains. In this paper, the compressive 
damage evolution follows a linear relationship: dୡ = 1 − σୡfୡ when σୡ > fୡ (3)

Here, σୡ is the compressive stress; fୡ is the axial compressive strength of concrete. 
The tensile damage evolution follows an exponential softening law:  d୲ = 1 − expቆ− ε୲ୡ୩ε୲,୰ୣ୤ୡ୩ ቇ (4)

Here, ε୲ୡ୩ is the cracking strain; ε୲,୰ୣ୤ୡ୩  is the reference cracking strain. 
To get rid of the common mesh sensitivity issue in the finite-element simulation of 

quasi-brittle materials and ensure the objectivity of energy dissipation (independent of 
element size), this paper uses the crack band model originally proposed by Bažant and 
Oh [43]. This method links the fracture energy G୤ to the post-peak stress-displacement 
response instead of the stress–strain response. The ultimate tensile cracking displacement uୡ୩ is expressed as: uୡ୩ = 2G୤f୲  (5)

Here, f୲ is the axial tensile strength of concrete. The cracking strain ε୲ୡ୩ is related to 
the cracking displacement uୡ୩ through the characteristic element length lୡ୦: lୡ୦ = ඥVୣయ  (6)

(for 3D solid elements), where Vୣ is the volume of the finite element. So, the refer-
ence cracking strain ε୲,୰ୣ୤ୡ୩  is determined as: ε୲,୰ୣ୤ୡ୩ = uୡ୩lୡ୦ = 2G୤f୲ ⋅ lୡ୦ (7)

Similarly, the inelastic strain at compression failure is regularized as follows:  εୡ,୳୧୬ = 2Gୡfୡ ⋅ lୡ୦ − fୡE଴ (8)

where E଴ is the initial elastic modulus of the material. 
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2.3.2. Rate-Dependent Constitutive Models 

Both concrete and reinforcing steel are strain-rate-sensitive materials. To account for 
the material strain-rate effect in dynamic simulations, the following rate-dependent con-
stitutive models are adopted. The dynamic compressive strength, dynamic tensile 
strength, and dynamic elastic modulus of concrete are enhanced using the dynamic in-
crease factor formulas recommended by fib Model Code 2010: 

Compressive dynamic increase factor (CDIF): 

fcd

fc
= ቊ ሺεሶc/εሶcdሻ0.014, εሶc ≤ 30 sି1

0.012ሺεሶc/εሶcdሻ1/3, εሶc > 30 sି1  (9)

Tensile dynamic increase factor (TDIF): 

ftd

ft
= ቊ ሺεሶ t/εሶ tdሻ0.018, εሶ t ≤ 10 sି1

0.0062ሺεሶ t/εሶ tdሻ1/3, εሶ t > 10 sି1  (10)

Elastic modulus dynamic increase factor (MDIF): 

E
E0

= ൬εሶcεሶ0൰0.026 
 (11)

The quasi-static strain rates are taken as εሶcd = 3.0 × 10ି5 sି1, εሶ td = 1.0 × 10ି5 sି1, εሶ0 =
3.0 × 10ି5 sି1 . These formulas are applied to update the mechanical parameters of the 
mortar matrix, the interfacial transition zone (ITZ), and the aggregates (treated as 
strengthened mortar), thereby explicitly introducing material strain-rate sensitivity at the 
meso-scale. 

Regarding the strain-rate effect of reinforcing steel, the dynamic yield strength and 
dynamic ultimate strength also increase with strain rate: 

fyd

f0
= 1.0 + ൬6

f0
൰ ln

εሶ
εሶ0 , fud

f0
= 1.0 + ൬7

f0
൰ ln

εሶ
εሶ0  (12)

The quasi-static strain rate is taken as εሶ0 = 5.0 × 10ି4 sି1. 

2.4. Dynamic Loading and Strain Rate Handling 

Concrete shows significant strain rate sensitivity under dynamic loads, and its 
strength is usually characterized by the dynamic increase factor (DIF, which is the ratio of 
dynamic strength to static strength). The dynamic shear failure of prestressed RAC beams 
involves multiple rate-related mechanisms at the material and structural levels. To ensure 
the reproducibility of numerical results and give a physically reasonable explanation for 
the observed strain rate sensitivity, this section systematically explains the numerical so-
lution strategy, loading regime, handling method of inertial effects, and damping assump-
tions. 

2.4.1. Solution Scheme and Time Integration 

All the dynamic simulations were conducted using the ABAQUS/Explicit solver, 
which employs the central difference time integration scheme. This choice was based on 
the highly nonlinear characteristics of this problem—involving concrete cracking, bond–
slip degradation, and multi-axial stress states—under medium to higher loading rates 
(10−3/s to 10/s). The explicit central difference operator satisfies the dynamic equilibrium 
equation at time t: Muሷ |୲ + F୧୬୲|୲ = Fୣ୶୲|୲  (13)

Wherein M is the consistent mass matrix, uሷ  is the vector of nodal accelerations, F୧୬୲ 
is the internal force vector derived from the element stress, and Fୣ୶୲ is the external load 
vector. The nodal accelerations are directly calculated from the mass matrix without the 
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need for iteration, making the explicit method particularly suitable for high-speed dy-
namic problems with material degradation. The stable time increment Δt in the explicit 
scheme is automatically determined by the element-wise Courant–Friedrichs–Lewy (CFL) 
condition: Δt = min ൬Lୣcୢ൰  (14) 

Wherein Le is the element characteristic length, and cୢ is the expansion wave veloc-
ity of the material, given by the following formula: 

cୢ = ඨ E(1 − ν)(1 + ν)(1 − 2ν)ρ  (15)

where E, ν and ρ are the material’s elastic modulus, Poisson’s ratio, and density, respec-
tively. For the 30 mm grid size used in this study, the stable time increment is approxi-
mately between 4.2 × 10−7 s and 6.8 × 10−7 s, depending on the local material stiffness. No 
mass scaling was used in the simulation, and the default enhanced stiffness hourglass 
control was employed to suppress false zero-energy modes. The total increment steps re-
quired for a single dynamic analysis vary from approximately 1.5 × 105 steps at the lowest 
strain rate (10−5/s) to approximately 1.5 × 107 steps at the highest strain rate (10/s). All the 
simulations were completed on a high-performance computing cluster equipped with 48-
core CPUs. 

2.4.2. Loading Scheme and Displacement–Strain Rate Relationship 

The simulation adopts a displacement-controlled loading scheme. The vertical dis-
placement is applied at the reference point P coupled with the loading block at the top, 
allowing the loading block to rotate along with the bending deformation of the beam to 
avoid artificial stress concentration at the loading point. 

To minimize false dynamic oscillations, the displacement loading uses a smooth step 
amplitude function (smooth step amplitude curve), ensuring zero initial velocity and zero 
initial acceleration at the initial loading time, and then smoothly transitions to the target 
velocity. Ensure zero initial velocity and zero initial acceleration, and the loading history 
includes an ascending segment of 0.01 s and a subsequent constant speed segment. The 
nominal strain rate is εሶ = v/h଴ (11), where v is the displacement rate in the constant speed 
segment and h଴ is the effective height of the beam cross-section. 

2.4.3. Handling of Inertial Effects and Distinction from Material Rate Sensitivity 

One of the key issues in numerical simulation of the dynamic behavior of concrete is 
how to distinguish the structural inertial effects from the actual material strain rate sensi-
tivity. This distinction has been widely discussed in the field of concrete dynamics. Zhou 
and Hao [37] used homogeneous macroscopic models and heterogeneous microscopic 
models to conduct numerical analysis of the compressive behavior of concrete-like mate-
rials at high strain rates. They first assumed that the material properties were independent 
of the rate, and the results showed that only inertial constraints could produce apparent 
dynamic strength enhancement; subsequently, they introduced rate-sensitive material 
properties and investigated the relative contributions of inertial effects and material rate 
effects to the compressive DIF. The research results indicated that when the strain rate 
was approximately lower than 100/s, the dynamic strength enhancement was mainly at-
tributed to the material rate sensitivity of the mortar matrix; while at higher strain rates, 
the influence of inertial constraints gradually became significant. According to the inves-
tigations reported in Refs. [44–47], different strain-rate ranges correspond to different 
loading types. Generally, when the strain rate is within 10−8~10−6 s−1, the loading condition 
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can be regarded as a creep state, corresponding to sustained loading. When the strain rate 
ranges from 10−5~1 s−1, it can be considered as quasi-static to intermediate strain-rate load-
ing, corresponding primarily to seismic loading. When the strain rate ranges from 101~103 
s−1, it is regarded as a high-strain-rate loading condition, corresponding to impact and 
blast loading. In this study, the variation law of the shear capacity of beams was analyzed 
within the prescribed strain-rate range of 10−5~10 s−1. Within the strain-rate range of 10−5~1 
s−1, the increase in shear capacity is mainly attributed to the strain-rate sensitivity of the 
material. When the strain rate ranges from 1~101 s−1, corresponding to low-velocity impact 
loading, the enhancement in shear capacity results from the combined effects of material 
strain-rate sensitivity and structural inertia effects. The strain-rate range investigated in 
this study (10−5~10 s−1) covers the quasi-static to intermediate strain-rate regime and par-
tially enters the transitional regime. The observed increase in shear capacity with loading 
rate in this study originates from two sources: (1) the material strain-rate sensitivity ex-
plicitly captured by the DIF formulas, and (2) the structural inertial effects automatically 
accounted for by the explicit dynamic solver (ABAQUS/Explicit) through the mass accel-
eration term (Equation (13)). It should be emphasized that the current mesoscopic finite 
element model fails to distinguish the respective influences of material sensitivity and 
structural inertia on experimental results. Therefore, the term “strain rate effect” adopted 
in this paper refers to the combined dynamic response induced jointly by the two factors 
above. 

2.4.4. Damping Assumptions 

No additional global damping was introduced into the numerical model. This con-
servative assumption avoids artificial suppression of high-frequency dynamic response, 
which may affect crack propagation patterns and energy dissipation characteristics under 
high strain rate. The low-level numerical damping inherent to the central difference time 
integration scheme of ABAQUS/Explicit is introduced via bulk viscosity parameters and 
retained at default values: linear bulk viscosity parameter b1 = 0.06 and quadratic bulk 
viscosity parameter b2 = 1.2. These parameters moderately suppress high-frequency nu-
merical noise, with negligible physical damping introduced. 

2.5. Model Validation 

Based on the aforementioned meso-scale modeling approach, the specimens CRCB-
1 and CRCB-2 with a cross-sectional size of 200 mm × 350 mm from Ref. [48] were selected 
for shear failure simulation. The specimen had a recycled aggregate replacement ratio of 
0, a shear span-to-depth ratio of 2.66, a reinforcement ratio of 1.03%, a stirrup ratio of 
0.141%, and a designed concrete strength of 40.69 MPa. In the prestressed recycled aggre-
gate concrete beams used for testing, three different grades of reinforcement were used: 
20 mm HRB400 deformed bars as longitudinal reinforcement, 12 mm HRB400 deformed 
bars as erection reinforcement, and 6 mm HPB300 plain bars as stirrups. The mechanical 
properties of the reinforcement are listed in Table 2. The prestressing strands had a yield 
strength of 1860 N/mm2, an ultimate strength of 1923 N/mm2, an elongation of 5.5%, and 
an elastic modulus of 1.94 × 105 N/mm2. 

Table 2. Types and mechanical properties of reinforcement in specimens CRCB-1 and CRCB-2 (Ref. [48]). 

Reinforcement Type Diameter/mm Elastic Modulus/GPa Yield 
Strength/MPa 

Ultimate 
Strength/MPa 

HRB300 6 228 318 529 

HRB400 
12 217 436 574 
20 215 428 570 
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The comparison between the experimental and simulated failure modes of pre-
stressed recycled concrete beams is shown in Figure 3. The variation in plastic strain w 
from 0 to 0.003 corresponds to the transition of the specimen from the intact state to the 
failure state. As shown in Figure 3, the simulated results for specimens CRCB-1 and 
CRCB-2 at the beam side and beam bottom are basically consistent with the experimental 
results, and the damage state of the model is in good agreement with the actual failure 
state of the beams in the tests. Therefore, the model can be used for subsequent simula-
tions. To clarify the influence of different mesh parameters on the simulation results, three 
different element mesh densities, 1 cm, 2 cm, and 3 cm, were established, and the corre-
sponding load–displacement curves are shown in Figure 4. For specimens CRCB-1 and 
CRCB-2, the load–displacement curves obtained with the three mesh sizes are basically 
consistent with the experimental ones. As shown in Figure 4, the simulation accuracy im-
proves as the mesh density increases, and the maximum error occurs when the mesh size 
is 3 cm. When the mesh size is 3 cm, the simulated loads of specimens CRCB-1 and CRCB-
2 are 178.54 kN and 258.55 kN, respectively, while the experimental loads are 165.13 kN 
and 240.50 kN, respectively. The maximum error is 8.12%, which is less than 10% and 
meets the accuracy requirements for subsequent studies. Based on the Fuller grading 
curve described in Section 2.1, i.e., Equation (1), and the two-stage particle size distribu-
tion of 20–40 mm, three aggregate spatial random placement schemes denoted as R1, R2, 
and R3 were regenerated using a Python 3.12 script combined with the Monte Carlo 
method, with the original model denoted as R0. In each scheme, the total aggregate vol-
ume fraction, particle size range, and gradation were kept constant, and only the spatial 
positions and local adjacency relationships of aggregate particles were varied. Specimen 
CRCB-2 from Ref. [48] was simulated, and the results show that the four models exhibited 
consistent failure modes. The shear capacities were 258.550 kN, 259.667 kN, 259.157 kN, 
and 257.715 kN, respectively, with a maximum difference of less than 0.5%, which meets 
the accuracy requirements. Based on the above comparative analysis, the meso-scale 
model agrees well with the actual experimental behavior and can be used for subsequent 
studies. Considering both computational efficiency and computational accuracy, a mesh 
size of 3 cm was adopted for all models. The present model was validated against two 
quasi-static prestressed recycled concrete beam specimens reported in Ref. [48], including 
comparisons of failure modes and load–displacement curves. The subsequent analyses in 
this study involve extended conditions with multiple sectional sizes, different prestress 
levels, and a wide range of dynamic strain rates, for which no publicly available third-
party experimental data are currently available for corresponding validation. Combined 
with the results of mesh convergence analysis and sensitivity analysis of random aggre-
gate distribution, the model can be demonstrated to possess satisfactory computational 
stability under the unified modeling framework adopted in this study. However, the sim-
ulation accuracy under dynamic loading conditions still requires further validation 
through future experimental investigations. 
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(1) 

 
(2) 

Figure 3. Comparison of beam failure modes between experiment and simulation. (1) Comparison 
between experimental test and simulated failure patterns of specimen CRCB1 in Ref. [48]; (2) Com-
parison of experimental and simulated failure modes for specimen CRCB2 from Reference [48]. 

  

Figure 4. Comparison of load–displacement curves between the experiment and the numerical 
model in this paper [48]. 
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3. Shear Performance and Size Effect of Prestressed RAC Beams Under 
Different Prestress Levels 
3.1. Failure Modes Under Different Prestress Levels 

By varying the prestress level, the shear failure modes and size effects of beams at a 
dynamic loading strain rate of 10−5/s were investigated. The reinforcement ratio, stirrup 
ratio, and shear span-to-depth ratio were set to 1.03%, 0.141%, and 2.1, respectively. The 
prestress levels were 0, 0.228, and 0.431, respectively, with a recycled aggregate replace-
ment ratio of 30%. The cross-sectional dimensions were 200 mm × 350 mm, 300 mm × 525 
mm, and 400 mm × 700 mm, resulting in a total of nine prestressed RAC beams. The cor-
responding geometric parameters of the beams are listed in Table 3. In this paper, the 
lowest strain rate of 10−5/s corresponds to a displacement rate of 3.15×10−3–6.30×10−3 mm/s, 
which is regarded as the quasi-static condition; the range of 10−3–10−1/s is classified as the 
low dynamic regime, and 1–10/s as the high dynamic regime. 

Table 3. Geometric parameters of prestressed RAC beams under different prestress levels. 

Specimen Cross-Sectional Dimension 
b × h/mm 

Beam 
Length/mm 

Replacement 
Ratio r% 

Shear Span-to-
Depth Ratio 𝝀 Prestress Level k Strain Rate εሶ /s 

DRAC-Sa1 200 × 350 3200 30 2.1 0 10−5 
DRAC-Sa2 200 × 350 3200 30 2.1 0.228 10−5 
DRAC-Sa3 200 × 350 3200 30 2.1 0.431 10−5 
DRAC-Ma1 300 × 525 4200 30 2.1 0 10−5 
DRAC-Ma2 300 × 525 4200 30 2.1 0.228 10−5 
DRAC-Ma3 300 × 525 4200 30 2.1 0.431 10−5 
DRAC-La1 400 × 700 6200 30 2.1 0 10−5 
DRAC-La2 400 × 700 6200 30 2.1 0.228 10−5 
DRAC-La3 400 × 700 6200 30 2.1 0.431 10−5 

Under the conditions of a strain rate of 10−5/s, a recycled aggregate replacement ratio 
of 30%, and a shear span-to-depth ratio of 2.1, the effects of different prestress levels on 
the shear failure modes and size effects of prestressed RAC beams are illustrated in Figure 
5. The comparison of failure patterns indicates that the prestress level significantly affects 
crack development, failure brittleness, and the evolution of the size effects. When the pre-
stress level is zero, numerous cracks are observed in the beam, with irregular distribu-
tions. The diagonal cracks are short and wide and propagate rapidly. Pronounced local 
crushing occurs in the shear-compression zone, and the overall behavior exhibits typical 
brittle shear failure. Moreover, as the sectional size increases, cracks become more concen-
trated and brittleness becomes more evident, indicating a significant size effect. When the 
prestress level increases to 0.228, the number of cracks decreases markedly; the main di-
agonal cracks become clearer, more slender, and more uniformly distributed; the crack 
width decreases; and crack propagation slows down. The crushing region is reduced, and 
failure brittleness is significantly alleviated. Meanwhile, the differences in failure modes 
among beams of different sizes are reduced, indicating a substantial weakening of the size 
effect. When the prestress level further increases to 0.431, the number of cracks is mini-
mized, and the principal diagonal cracks become slender and well-defined, with noticea-
bly delayed crack development. 
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(a) k = 0, εሶ  = 10−5/s (b) k = 0.228, εሶ  = 10−5/s 

 

 

(c) k = 0.431, εሶ  = 10−5/s 

Figure 5. Failure modes of prestressed RAC beams under different prestress levels. 

The above phenomena can be analyzed from two aspects: the variation of stress states 
in cracked zones and the frictional effect at crack interfaces. Prestress generates a persis-
tent compressive stress field inside the beam member, which compensates for the high 
porosity defect of recycled concrete materials. After acting on the surfaces of inclined 
cracks, prestress produces a compaction effect that effectively counteracts the tensile stress 
required for crack initiation and propagation, thereby delaying the emergence and exten-
sion of cracks [22]. Meanwhile, the compressive prestress elevates the contact pressure 
between the two sides of the cracks, further strengthening the interlocking action between 
aggregates and the interfacial friction effect [24] and rendering the crack development 
process gentler and more stable. At relatively high prestress levels, the tensile propagation 
tendency of the cracks is significantly restrained. Combined with the improved energy 
dissipation capacity of interfacial friction, this mechanism can effectively avoid brittle 
crushing failure induced by the simultaneous rapid growth of multiple cracks. Accord-
ingly, the failure mode of the component transforms gradually from dispersed brittle fail-
ure with numerous microcracks to a ductile failure pattern characterized by the slow prop-
agation of a single primary crack [23]. A higher prestress level corresponds to a more 
prominent restraining effect on the cracks, a later moment of full crack penetration, and 
less abrupt component failure. This may serve as the intrinsic mechanism whereby pre-
stress effectively mitigates the aggravation of brittleness caused by the size effect. 

3.2. Load–Displacement Curves Under Different Prestress Levels 

As shown in Figure 6, under a dynamic loading strain rate of 10−5/s, a recycled aggre-
gate replacement ratio of 30% and a shear span-to-depth ratio of 2.1, dynamic loading 
simulations were performed on small-sized (200 mm × 350 mm), medium-sized (300 mm 
× 525 mm), and large-sized (400 mm × 700 mm) prestressed RAC beams. The load–dis-
placement curves and ultimate shear capacities under three prestress levels (0, 0.228, and 
0.431) were compared. At a prestress level of 0, the ultimate shear capacities for the small-
, medium-, and large-sized beams were 227.07, 495.40, and 766.21 kN, respectively. At a 
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prestress level of 0.228, the corresponding values increased to 260.21, 568.53, and 897.30 
kN, respectively, and further increased to 304.16, 682.15, and 1103.91 kN at a prestress 
level of 0.431. For beams with the same cross-sectional dimension, the ultimate shear ca-
pacity increased clearly with increasing prestress level. The higher the prestress level, the 
greater the enhancement in load-carrying capacity. For small beams, increasing the pre-
stress level from 0 to 0.228 and 0.431 increased the capacity by 14.59% and 33.93%, respec-
tively; for medium beams, the increases are 14.76% and 37.70%, respectively; and for large 
beams, the increases are 17.11% and 44.07%, respectively. This is because the application 
of prestress can effectively suppress the initiation and propagation of shear cracks in the 
beam body, reduce the shear damage of the cross-section, and thus improve the ultimate 
shear capacity. Moreover, this enhancement effect becomes stronger as the size of the 
beam body increases. The displacement ductility coefficient μ = Δu/Δy was adopted as the 
quantitative indicator, where Δu is defined as the displacement corresponding to the load 
dropping to 85% of the peak load value, and Δy is determined by the equivalent energy 
method. For large-sized beams, the μ value increased from 1.65 at k = 0 to 2.92 at k = 0.431, 
with an increase rate of 77%. This quantitatively verifies that increasing the prestress level 
can effectively reduce the brittleness of failure. 

  
(a) k = 0 (b) k = 0.228 

 
(c) k = 0.431 

Figure 6. Load–displacement curves of prestressed RAC beams under different prestress levels. 

Based on the staged analysis method for damage evolution of prestressed members, 
the shear failure process of prestressed RAC beams can be divided into four stages. Elastic 
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Stage: The external load is small, the principal tensile stress in the flexural-shear region 
has not yet reached the tensile strength of concrete, the beam body is in an elastic working 
state, and the load–displacement curve exhibits a linear trend. Crack Initiation Stage: The 
principal tensile stress in the flexural-shear region reaches the tensile strength of the ITZ 
or mortar matrix in RAC, and the first batch of microcracks initiates at weak positions 
such as the ITZ. The precompressive stress field induced by prestress offsets part of the 
tensile stress and increases the load level required for crack initiation. The higher the pre-
stress level, the later the crack initiation occurs and the greater the cracking load. Stable 
Crack Propagation Stage: As the load increases, the number of microcracks increases and 
they gradually coalesce into visible diagonal cracks, with the width and length of the 
cracks increasing continuously. At this stage, the prestress level exerts a dual effect: first, 
the precompressive stress at the crack tip reduces the net KI, restricting the further open-
ing of the crack; second, the normal compressive stress on the crack surface enhances the 
aggregate interlock friction, enabling the cracked cross-section to still maintain consider-
able shear transfer capacity. Under a high prestress level, the crack propagation rate is 
effectively controlled, which is manifested as slender cracks with slow development. Un-
stable Failure Stage: After the load reaches the peak value, the main diagonal crack rapidly 
penetrates the cross-section and the member loses its load-bearing capacity. Due to the 
persistent precompressive stress field in highly prestressed beams, the failure mode trans-
forms from diffuse brittle failure to the controlled propagation of a single dominant crack. 
The higher the prestress level, the stronger the restraining effect on cracks, the more de-
layed the crack penetration, and the lower the abruptness of failure. 

The test data indicate that prestress improves the bearing capacity of small-sized 
beams by 33.93%, while the enhancement ratio for large-sized beams reaches 44.07%. It 
can be seen that the strengthening effect of prestress is more remarkable in large-scale 
members. The underlying mechanisms are illustrated as follows. On the one hand, in-
creasing the prestress level can retard the interconnection and full penetration of internal 
microcracks inside members, slowing down the crack propagation rate [22]. On the other 
hand, the internal compressive stress induced by prestress further strengthens the aggre-
gate interlocking and interfacial friction at crack surfaces, which comprehensively im-
proves the shear-bearing capacity of beams [24]. Large-sized beams are more severely af-
fected by the material deterioration of recycled concrete and inherently possess weaker 
shear resistance. For this reason, prestress exerts a more significant improvement on their 
bearing capacity, thereby effectively weakening the size effect on the shear performance 
of recycled concrete beams [23]. 

3.3. Effect of Prestress Level on the Nominal Shear Strength of Beams 

The relationship between the shear strength of prestressed recycled concrete beams 
and the sectional dimensions was analyzed using the nominal shear strength τu: 

τu=Pu /(bh0)  (16)

where Pu is the peak load, b is the section width of the beam, and h0 is the effective height 
of the beam section. 

As shown in Figure 7, under the dynamic loading strain rate of 10−5/s, and under the 
conditions of 30% replacement ratio of recycled aggregates and a shear span-to-depth ra-
tio of 2.1, dynamic loading simulations were conducted on small-sized (200 mm × 350 
mm), medium-sized (300 mm × 525 mm), and large-sized (400 mm × 700 mm) prestressed 
recycled concrete beams. The nominal shear strengths under three prestress levels (0, 
0.228, 0.431) were compared. At a prestress level of 0, the nominal shear strengths of the 
small-, medium-, and large-sized beams were 3.78, 3.476, and 3.064 MPa respectively; at a 
prestress level of 0.228, the cross-section increased from small size to medium size and 
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then to large size, and the nominal shear strengths were 4.34, 3.98, and 3.76 MPa, respec-
tively; at a prestress level of 0.431, the cross-section increased from small size to medium 
size and then to large size, and the nominal shear strengths were 5.07, 4.79, and 4.42 MPa, 
respectively. For beams of the same size, the nominal shear strength increased signifi-
cantly with increasing prestress level. The higher the prestress level, the more pronounced 
the strength enhancement, and the increase remained relatively stable. For the small-sized 
beams, the prestress level increased from 0 to 0.228 and 0.431, and the nominal shear 
strength increased by 14.81% and 34.13%, respectively; for medium-sized beams: the pre-
stress level increased from 0 to 0.228 and 0.431, and the nominal shear strength increased 
by 14.50% and 37.80%, respectively; for large-sized beams: the prestress level increased 
from 0 to 0.228 and 0.431, and the nominal shear strength increased by 22.05% and 44.26%, 
respectively. The main reason is that the application of prestress can effectively restrain 
the initiation and propagation of shear cracks in the beam, reduce the shear damage in the 
section, and improve the overall shear resistance of the section. The large-sized beams are 
more strongly affected by the size effect and have relatively weaker shear performance. 
The strengthening effect of prestress is more prominent, and the improvement is greater 
than that of small-sized beams. The nominal shear strength of prestressed recycled con-
crete beams is jointly governed by size and prestress level—an increase in size leads to a 
decrease in nominal shear strength, whereas an increase in prestress level significantly 
improves the nominal shear strength, and the strengthening effect of prestress on large-
sized beams is more obvious. 

 

Figure 7. Nominal shear strength of prestressed RAC beams with different prestress levels. 

Bažant’s Size Effect Law (SEL) [13] describes the changing strength law of quasi-brit-
tle structural members with geometric dimensions. For small-section beams, internal 
stress can be fully redistributed prior to failure, leading to ductile failure modes. As the 
beam section size increases, the structure gradually presents brittle failure characteristics, 
accompanied by a decline in overall nominal shear strength. The simulation results of this 
study are consistent with the above law. Under the non-prestressed condition k = 0, when 
the beam depth rises from 350 mm to 700 mm, the nominal shear strength drops from 3.78 
MPa by 19%. Prestress can restrain the growth of internal cracks and local damage in 
beams and mitigate the adverse influence induced by member size. Large-sized beams 
suffer more severe negative impacts from the size effect, so prestress delivers a more ob-
vious improvement in shear performance. In this research, the nominal shear strength of 
large-sized beams rises by 44.26%, versus 34.13% for small-sized beams, which fully 
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proves that prestress can effectively weaken the shear size effect of recycled concrete 
beams. 

4. Analysis of Shear Performance and Size Effect of Prestressed RAC 
Beams Under Different Strain Rates 
4.1. Failure Modes Under Different Strain Rates 

By varying the dynamic loading rate, the shear failure modes and size effects of 
beams with different cross-sectional dimensions under different strain rates were studied. 
The simulated reinforcement ratio was 1.03%, the stirrup ratio was 0.141%, the shear span-
to-depth ratio was 2.1, the prestress level was 0.228, the recycled aggregate replacement 
ratio was 30%, and the strain rates were 10−5/s, 10−3/s, 10−1/s, 1/s, 10/s. The cross-sectional 
dimensions were 200 mm × 350 mm, 300 mm × 525 mm, and 400 mm × 700 mm, with a 
total of 15 prestressed recycled concrete beams. The relevant geometric parameters of the 
beams are shown in Table 4. 

Table 4. Geometric model parameters of prestressed RAC beams under different strain rate loading 
conditions. 

Test Specimen 
Name 

Cross-Sectional Dimension 
b × h/mm 

Beam 
Length/mm 

Replacement 
Rate r% 

Shear Span-to-
Depth Ratio 𝝀 Prestress Level k Strain Rate εሶ /s 

DRAC-Sd1 200 × 350 3200 30 2.1 0.228 10−5 
DRAC-Sd2 200 × 350 3200 30 2.1 0.228 10−3 
DRAC-Sd3 200 × 350 3200 30 2.1 0.228 10−1 
DRAC-Sd4 200 × 350 3200 30 2.1 0.228 1 
DRAC-Sd5 200 × 350 3200 30 2.1 0.228 10 
DRAC-Md1 300 × 525 4200 30 2.1 0.228 10−5 
DRAC-Md2 300 × 525 4200 30 2.1 0.228 10−3 
DRAC-Md3 300 × 525 4200 30 2.1 0.228 10−1 
DRAC-Md4 300 × 525 4200 30 2.1 0.228 1 
DRAC-Md5 300 × 525 4200 30 2.1 0.228 10 
DRAC-Ld1 400 × 700 6200 30 2.1 0.228 10−5 
DRAC-Ld2 400 × 700 6200 30 2.1 0.228 10−3 
DRAC-Ld3 400 × 700 6200 30 2.1 0.228 10−1 
DRAC-Ld4 400 × 700 6200 30 2.1 0.228 1 
DRAC-Ld5 400 × 700 6200 30 2.1 0.228 10 

As shown in Figure 8, under dynamic loading conditions, the sectional dimensions 
significantly affect the crack distribution, crack propagation rate, and final failure mode 
of prestressed recycled concrete beams. Small-sized (200 mm × 350 mm), medium-sized 
(300 mm × 525 mm), and large-sized (400 mm × 700 mm) beams were selected for compar-
ison of failure characteristics under different strain rates. The results show that as the sec-
tion size increases, the failure mode of the beam exhibits a pronounced size effect: for 
small-sized beams, the number of cracks is relatively larger, the crack distribution is con-
centrated, the critical inclined crack is shorter and wider, the crack propagation path is 
shorter and energy dissipation is faster under dynamic loading, and the failure is mainly 
characterized by local shear-compression crushing; for medium-sized beams, the number 
of cracks decreases, the main inclined crack extends more clearly, the crack development 
rate is moderate, the failure mode is between shear and bending shear, and the dynamic 
response is relatively stable; for large-sized beams, the section stiffness significantly in-
creases, the number of cracks decreases, the critical inclined crack is longer and more ex-
tended, the crack expansion path is prolonged, the internal weak surface increases under 
dynamic loading, the energy dissipation efficiency is reduced, the nominal shear strength 
decreases, the inclined crack is more likely to propagate steadily through the beam and 
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the overall failure shows more pronounced brittleness, the crushing area is distributed 
longer along the shear span direction, and the failure range is larger. Under the same sec-
tion size, increasing the strain rate will accelerate the crack propagation, amplify the brittle 
failure trend, and the large-sized beam is more sensitive to the strain rate, with more rapid 
crack development and more sudden failure under high strain rates. From the mechanism 
perspective, the size dependence of concrete quasi-brittle materials is more significant un-
der dynamic loading. Large-sized components have a higher probability of internal de-
fects and more unstable crack expansion, while the prestressed prestress-induced com-
pressive stress field can, to some extent, inhibit crack development and delay the brittle 
increase trend caused by the size effect, but it cannot completely eliminate the inherent 
influence of section size on the failure mode. 

 

 

 
(a) k = 0.228, εሶ  = 10−5/s (b) k = 0.228, εሶ = 10−1/s 

 

 
(c) k = 0.228, εሶ  = 10/s 

Figure 8. Failure modes of prestressed RAC beams under different strain rates. 

4.2. Load–Displacement Curves at Different Strain Rates 

As shown in Figure 9, under the conditions of 30% replacement rate of recycled ag-
gregates, prestress force of 0.228, and a shear span ratio of 2.1, dynamic loading simula-
tions were conducted on small-sized (200 mm × 350 mm), medium-sized (300 mm × 525 
mm), and large-sized (400 mm × 700 mm) prestressed recycled concrete beams. The load–
displacement curves and ultimate shear-bearing capacities under three loading rates 
(10−5/s, 10−1/s, 10/s) were compared. At the loading rate of 10−5/s, the section size increased 
from small to medium and then to large, and the ultimate shear-bearing capacities were 
260.18, 568.52, and 897.30 kN, respectively. At the loading rate of 10−1/s, the ultimate shear-
bearing capacities were 294.09, 644.97, and 1053.93 kN, respectively. The bearing capaci-
ties of beams of all sizes increased significantly under the high-strain-rate dynamic load-
ing, and the growth trend remained stable. At the loading rate of 10/s, the dynamic 
strengthening effect was the most significant, and the ultimate shear-bearing capacities 
were 332.47, 748.73, and 1238.17 kN, respectively. The high strain rate had a significant 
strength enhancement effect for beams of all sizes. Under the same section size and differ-
ent loading rates, when the loading rate of the small-sized beam increased from 10−5/s to 
10/s, the bearing capacity increased from 260.18 kN to 332.47 kN, with an increase of 
27.79%; for the medium-sized beam, the bearing capacity increased from 568.52 kN to 
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748.73 kN, with an increase of 31.69%; for the large-sized beam, the bearing capacity in-
creased from 897.30 kN to 1238.17 kN, with an increase of 37.99%. The results show that 
the section size plays a dominant role in controlling the dynamic shear-bearing capacity, 
and the ultimate bearing capacity shows a significant growth trend with the increase in 
section size. At the same time, the increase in loading rate can produce a significant strain-
rate strengthening effect, and the bearing capacity continues to increase with the increase 
in loading rate. 

  
(a) Small-Sized Beam (b) Medium-Sized Beam 

 
(c) Large-Sized Beam 

Figure 9. Load–displacement curves of prestressed RAC beams under different strain rates. 

The amplitude of bearing capacity growth varies greatly among beams of different 
sizes: 37.99% for large-sized specimens, 31.69% for medium-sized specimens, and 27.79% 
for small-sized specimens. This phenomenon is closely linked to the material properties 
of recycled concrete and dynamic loading mechanisms. Compared with ordinary con-
crete, recycled concrete contains abundant micropores and weak interfacial transition 
zones (ITZs), and it is more sensitive to strain rate variation [31]. At low strain rates, in-
ternal defects and cracks have adequate time to develop gradually and expand along 
weak interfaces, forming tortuous crack paths and resulting in a gentle drop in bearing 
capacity. At high strain rates, rapid loading restrains progressive defect evolution. The 
compression between cracked planes strengthens aggregate interlock friction [29], to-
gether with the rise in the dynamic strength of reinforcement bars, significantly improving 
the shear capacity of beams [27]. Large-sized beams possess more internal defects and 
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longer crack propagation paths, so they obtain more remarkable comprehensive strength-
ening effects under dynamic loading and thus achieve the highest growth of shear-bearing 
capacity [30]. 

4.3. The Influence of Different Strain Rates on the Nominal Shear Strength of Beams 

As shown in Figure 10, under the conditions of a 30% replacement rate of recycled 
aggregates, prestress force of 0.228, and a shear span ratio of 2.1, dynamic loading simu-
lations were conducted on small-sized (200 mm × 350 mm), medium-sized (300 mm × 525 
mm), and large-sized (400 mm × 700 mm) prestressed recycled concrete beams. The nom-
inal shear strengths under three loading rates (10−5/s, 10−1/s, 10/s) were compared. At a 
loading rate of 10−5/s, the nominal shear strengths of each size (small size, medium size, 
large size) were 4.33, 3.98, and 3.58 MPa, respectively; at a loading rate of 10−1/s, the nom-
inal shear strengths were 4.90, 4.52, and 4.21 MPa, respectively; at a loading rate of 10/s, 
the nominal shear strengths were 5.53, 5.25, and 4.95 MPa, respectively. From the data, it 
can be seen that the nominal shear strength of prestressed recycled concrete beams with 
the same cross-sectional size shows a significant upward trend as the strain rate increases, 
demonstrating a clear strain rate strengthening effect. Specifically, the total increase from 
low to high strain rate was 27.7% for the small-sized beam, 31.9% for the medium-scale 
beam, and 38.3% for the large-scale beam. This indicates that the larger the sectional size, 
the higher the sensitivity of the member to strain rate and the more pronounced the dy-
namic strengthening effect. Moreover, at a low strain rate (10−5/s), the differences in nom-
inal shear strength among beams of different sizes are relatively large, demonstrating a 
significant size effect. As the strain rate increases, these differences gradually decrease, 
and the size effect is markedly weakened. At a high strain rate (10/s), the three nominal 
shear strength curves tend to converge, indicating that increasing the loading rate can 
effectively suppress the rapid propagation and extension of cracks, reduce the mechanical 
performance differences caused by sectional size, and thus significantly alleviate the size 
effect of prestressed RAC beams. 

 

Figure 10. Nominal shear strength of prestressed RAC beams under different strain rates. 

The elevation of strain rate can alleviate the size effect via two major mechanisms. 
First, recycled concrete achieves obvious dynamic strength enhancement under high 
strain rates, which lifts the crack propagation threshold and reduces the risk of unstable 
crack growth in large beams [27]. Second, the inertial confinement effect restrains free 
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crack extension and narrows the disparity of crack development caused by different sec-
tion dimensions [29]. Meanwhile, the precompressive stress generated by prestress can 
close initial microcracks and enhance matrix compactness. It is inferred that such precom-
pression produces a synergistic coupling effect with the high strain rate effect, further 
lowering the dimensional sensitivity of beams and weakening the size effect [23]. 

5. Theoretical Formulas for Shear Strength Size Effect 
Bažant proposed a Size Effect Law suitable for concrete materials based on fracture 

mechanics theory: 

τu=V0/ඨ1+
D
D0

  (17)

where 𝜏௨ is the nominal shear strength of the beam, V0 and D0 are empirical coefficients 
related to concrete, and D is the sectional height of the beam. 

Combined with Equation (17), and to account for the effects of prestress level and 
strain rate on the size effect of RAC beams, this study proposes a modified Formula (5) 
introducing the shear strength enhancement coefficients 𝛾 and 𝛽: 

τu=V0/ඨ1+
D
D0
γβ  (18)

5.1. Determination of Shear Strength Enhancement Coefficient 𝛾 

An increase in the prestress level reduces the size effect of prestressed RAC beams. 
Moreover, as the prestress level increases, the decreasing trend of nominal shear capacity 
with increasing sectional size becomes less pronounced. A linear function is adopted to 
describe the variation in the shear strength enhancement coefficient 𝛾 with the prestress 
level k: 

γ=A + Bk  (19)

where coefficient B is determined through fitting (see Figure 11). The coefficient 𝛾 is ob-
tained by taking the recycled aggregate concrete beam with a prestress level of 0 under 
quasi-static loading as the benchmark and calculating the ratio with other prestressed re-
cycled aggregate concrete beams. The values of the shear strength enhancement coeffi-
cient 𝛾 are shown in Table 5. Figure 11 presents the variation trend of 𝛾 with the pre-
stress level k and provides the expressions of 𝛾 for different sectional sizes. Finally, by 
establishing the relationship between coefficient B and the sectional dimension, a unified 
expression is fitted as: 

γ = 1 + (0.5384 + 6.8257 × 10ି4D)k  (20)

Table 5. Shear strength enhancement coefficient 𝛾. 
Specimen Name 𝜸 Specimen Name 𝜸 Specimen Name 𝜸 

YRAC-200-30–2.1-0 1 YRAC-200-30–2.1-0.228 1.148 YRAC-200-30–2.1-0.431 1.341 
YRAC-300-30–2.1-0 1 YRAC-300-30–2.1-0.228 1.145 YRAC-300-30–2.1-0.431 1.378 
YRAC-400-30–2.1-0 1 YRAC-400-30–2.1-0.228 1.227 YRAC-400-30–2.1-0.431 1.443 
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Figure 11. Determination of shear strength enhancement coefficient 𝛾. 
5.2. Determination of Shear Strength Enhancement Coefficient 𝛽 

Previous studies indicate that the strain rate has a significant effect on the ultimate 
shear capacity of prestressed RAC beams. As the strain rate increases, both the ultimate 
shear capacity and the nominal shear strength of prestressed RAC beams gradually in-
crease, with the growth rate first increasing and then decreasing. Through multiple fitting 
attempts, it was found that using a “Logistic” function to represent the fitting curve be-
tween the strain rate εሶ   and the enhancement coefficient 𝛽  yields a smaller error, as 
shown in Equation (21): 

β=I2+
I1 − I2

1+( εሶε0
)p

  (21)

where is the strain rate. The coefficients I1, I2, ε0 and p are determined through nonlinear 
fitting (see Figure 12). The coefficient is obtained by taking the prestressed RAC beam 
under quasi-static loading as the benchmark and calculating the ratio with the prestressed 
RAC beam under dynamic loading. The values of the shear strength enhancement coeffi-
cient are shown in Table 6. Finally, by establishing the relationship between the coeffi-
cients and the sectional size D, a unified expression is fitted as shown in Equation (22). 

β=(1.199 +  3.7757 ×  10ି4D)+
(1.00289 + 7.17429 ×  10ି7D) − (1.199 + 3.7757 × 10ି4D)

1 + ( εሶ
0.21261 −  4.04286 × 10ି5D

)0.44877 ି 6.38×10ష5D
 (22) 
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Figure 12. Determination of shear strength enhancement coefficient 𝛽. 
Table 6. Shear strength enhancement coefficient 𝛽. 

Specimen Name 𝜷 Specimen Name 𝜷 Specimen Name 𝜷 Specimen Name 𝜷 Specimen Name 𝜷 
YRAC-200-10−5 1 YRAC-200-10−3 1.052 YRAC-200-10−1 1.132 YRAC-200-1 1.205 YRAC-200-10 1.277 
YRAC-300-10−5 1 YRAC-300-10−3 1.059 YRAC-300-10−1 1.144 YRAC-300-1 1.240 YRAC-300-10 1.319 
YRAC-400-10−5 1 YRAC-400-10−3 1.068 YRAC-400-10−1 1.175 YRAC-400-1 1.270 YRAC-400-10 1.380 

5.3. Validation of Formula Effectiveness 

Since there is currently a lack of published experimental studies on RAC beams that 
take prestress level, strain rate, and sectional size as parameters, this study established 
additional models for validation. Specifically, three prestressed RAC beams with a sec-
tional size of 250 mm × 438 mm were modeled under a dynamic strain rate of 10−5/s, with 
a longitudinal reinforcement ratio of 1.03%, a stirrup ratio of 0.141%, a shear span-to-
depth ratio of 2.1, prestress levels of 0, 0.228, and 0.431, and a recycled aggregate replace-
ment ratio of 30%. In addition, beams with a prestress level of 0.228 and sectional sizes of 
250 mm × 450 mm and 350 mm × 600 mm were modeled under dynamic loading at strain 
rates of 10−5/s, 10−3/s, 10−1/s, 1/s and 10/s, resulting in a total of 12 beams. The relevant data 
are listed in Table 7. These data were substituted into Equation (18) for validation, and the 
results are shown in Table 8. 

Table 7. Model parameters for extended analysis of prestressed RAC beams. 

Specimen Name Cross-Sectional Size b × h/mm Replacement 
Ratio r% 

Shear Span-to-
Depth Ratio 𝝀 Prestress Level k Strain Rate εሶ /s 

XRAC1 250× 450 30 2.1 0 10−5 
XRAC2 250 × 450 30 2.1 0.228 10−5 
XRAC3 250 × 450 30 2.1 0.431 10−5 
XRAC4 250 × 450 30 2.1 0.228 10−3 
XRAC5 250 × 450 30 2.1 0.228 10−1 
XRAC6 250 × 450 30 2.1 0.228 1 
XRAC7 250 × 450 30 2.1 0.228 10 
VRAC1 350 × 600 30 2.1 0.228 10−5 
VRAC2 350 × 600 30 2.1 0.228 10−3 
VRAC3 350 × 600 30 2.1 0.228 10−1 
VRAC4 350 × 600 30 2.1 0.228 1 
VRAC5 350 × 600 30 2.1 0.228 10 
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Table 8. Comparison between simulation values and predicted values from the proposed method. 

Beam 
Height 
(mm) 

Prestress 
Level k 

Strain Rate 𝜺ሶ/s 

Simulated 
Value 
(MPa) 

Calculation 𝜸 
Calculation 𝜷 

Predicted 
Value (MPa) 

Relative 
Error (%) 

450 0 10−5 3.69 1.000 1.000 3.60 2.53 
450 0.228 10−5 4.27 1.193 1.000 4.29 −0.39 
450 0.431 10−5 4.91 1.364 1.000 4.91 0.00 
450 0.228 10−3 4.76 1.204 1.056 4.53 5.14 
450 0.228 10−1 4.92 1.385 1.139 4.89 0.52 
450 0.228 1 5.26 1.000 1.225 5.26 0.00 
450 0.228 10 5.60 1.232 1.301 5.58 0.40 
600 0.228 10−5 4.08 1.218 1.000 4.09 −0.29 
600 0.228 10−3 4.47 1.218 1.063 4.35 2.82 
600 0.228 10−1 4.87 1.218 1.157 4.74 2.73 
600 0.228 1 5.43 1.218 1.253 5.13 5.90 
600 0.228 10 5.79 1.218 1.345 5.51 5.14 

Note: The average error between the predicted values of the modified formula and the simulated 
values is only 2.61%, with the maximum error controlled within 6%. This indicates that the proposed 
modified formula containing the enhancement coefficients 𝛾 and β can accurately reflect the results 
calculated by the finite element model. The extended validation cases adopted in this study are still 
derived from numerical samples generated within the unified modeling framework of the present 
work, rather than third-party experimental data or a completely independent numerical dataset. 
Therefore, the proposed model does not possess unconditional predictive capability for extrapola-
tion to other loading conditions, materials, or structural forms. Based on the experimental parame-
ters considered in this study, the strict scope of applicability of the proposed equation is defined as 
follows: replacement ratio of recycled coarse aggregate of 30%, shear span-to-depth ratio of 2.1, pre-
stress level (k ≤ 0.431), strain rate range of 10−5/s~10/s, and beam sectional height of 350–700 mm. 
When the parameters exceed the above ranges, the coefficients must be recalibrated. 

6. Conclusions 
This paper is based on the 3D five-phase meso-scale numerical model. Within the 

parameter scope with a fixed replacement ratio of recycled coarse aggregate of 30%, s 
shear span-to-depth ratio of 2.1, prestress level ≤ 0.431, strain rate ranging from 10−5/s to 
10/s, and cross-sectional height of 350–700 mm, numerical analysis is carried out on the 
shear mechanical properties and specimen size effect of prestressed recycled aggregate 
concrete (RAC) beams under dynamic loading. The conclusions obtained belong to ex-
ploratory numerical analysis results. The main observations are listed as follows: 

1. The 3D five-phase meso-scale numerical model established in this paper can satisfac-
torily reflect the meso-scale heterogeneous characteristics of recycled aggregate con-
crete and the action mechanism of prestress. The simulated failure modes, crack de-
velopment law and load–displacement curves are in good agreement with quasi-
static test results, and the maximum error is less than 10%. Within the parameter 
range specified in this paper, the model can be adopted for numerical analysis on the 
dynamic shear mechanical properties of prestressed RAC beams. 

2. Within the researched parameter range, raising the prestress level can significantly 
restrain the initiation and propagation of diagonal cracks, reduce the failure brittle-
ness of members, and effectively weaken the shear size effect. As the prestress level 
rises from 0 to 0.431, the nominal shear strengths of small-sized and large-sized 
beams increase by 34.1% and 44.3%, respectively; the displacement ductility coeffi-
cient of large-sized beams grows from 1.65 to 2.92, presenting an obvious ductility 
improvement effect. 
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3. Within the researched parameter range, prestressed RAC beams exhibit an obvious 
specimen size effect in terms of nominal shear strength, and the nominal shear 
strength decreases with the increase in cross-sectional height. With the rise in loading 
strain rate, the shear-bearing capacity of members presents a comprehensive dy-
namic response formed by the coupling of material rate effect and structural inertia 
effect. As the strain rate increases from 10−5/s to 10/s, the nominal shear strengths of 
small-sized, medium-sized and large-sized beams rise by 27.8%, 31.7% and 38.0%, 
respectively; the larger the section size, the higher the dynamic response sensitivity 
of prestressed RAC beams. High strain rate can reduce the difference in shear me-
chanical properties of members with various sizes and further mitigate the size effect. 

4. Based on Bažant’s Size Effect Law (SEL), a modified formula is developed by intro-
ducing the prestress enhancement coefficient γ and strain rate enhancement coeffi-
cient β. The formula achieves a favorable fitting effect merely within the parameter 
range studied in this paper; the average error between predicted values and simu-
lated values of the formula is 2.61%, and the maximum error is less than 6%. Never-
theless, due to the lack of corresponding dynamic test data for verification, the for-
mula proposed in this paper is only applicable to calibrated correlation within the 
studied parameter space rather than a widely applicable prediction model, and its 
predictability under other materials, geometric configurations and loading condi-
tions requires further verification. 
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