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Abstract: This study presents a numerical analysis of the shear behaviour of 

steel-reinforced beams made of Engineered Cementitious Composites (ECC) 

material. The numerical model was developed and validated using the shear 

performance data of three reinforced concrete (RC) short beams and one 

reinforced ECC (R/ECC) short beam reported in the literature. Following the 

validation, a parametric study was conducted to examine and evaluate the 

effects of ECC material properties. First, the material used in beams was 

changed from concrete to ECC with an equivalent nominal compressive 

strength, and then, by altering the ECC compressive strength, tensile strength, 

and tensile strain, the effects of these parameters were systematically 

evaluated. The results showed that replacing conventional concrete with ECC 

significantly enhanced the ultimate shear capacity, with shear load gains of up 

to 60% over the RC counterparts. By altering the ECC compressive strength, 

tensile strength, and tensile strain values, the subsequent parametric study 

revealed that the ECC tensile strength (ft) was the dominant material 

parameter, leading to substantial increases in the ultimate shear load (up to 

112% when ft was increased from 1.37 MPa to 5.37 MPa). Meanwhile, the 

tensile strain capacity played a crucial role in enhancing the overall structural 

ductility and energy absorption of the R/ECC short beams. The study also 

found that the ECC compressive strength (f’cr) had a marginal effect on the 

shear performance of R/ECC short beams. 

Keywords: Engineered Cementitious Composites (ECC), R/ECC short 

beams, shear behaviour, numerical modelling, parametric study. 
 

 

1. Introduction 

Shear failure in reinforced concrete (RC) 

structures is an event that designers strive to avoid, 

as it is sudden, brittle, and typically offers little 

warning, posing significant risks to the safety of 

structures and human lives. Thus, structures need 

to be provided with sufficient shear reinforcement 

to avoid this unexpected failure. However, the 

presence of dense shear reinforcement, especially 

at the beam-to-column joint, leads to rebar 

congestion that causes construction delays and 

requires complex technical solutions. Materials that 

possess better shear performance in comparison 

to normal concrete are always of great importance.  
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For this purpose, Engineered Cementitious 

Composites (ECC) appears to be an appropriate 

candidate as it exhibits superior tensile strain 

capacity and features strain-hardening behavior 

with the formation of multiple fine cracks [1]. When 

combined with steel reinforcement, ECC enhances 

crack control, ductility, and post-cracking shear 

resistance, while mitigating stress concentration 

and improving energy absorption capacity [2-5]. 

Moreover, ECC characterises outperformed shear-

resistant behaviour resulting from its excellent 

tensile strain capacity, with several times higher 

than that of normal concrete [6-9]. This makes ECC 

a promising material for the construction 

engineering of shear-critical structures. 

A number of studies have been dedicated in 

order to getting insight into the shear behaviour of 

these structural elements [10-16]. For instance, 

Kanda et al. [10] employed ECC to study the shear 

behaviour and seismic response of coupling 

beams connecting shear walls. It was found from 

this study that the coupling beam constructed using 

ECC exhibited no bond splitting or shear failure. 

Zhang et al. [11] employed Polypropylene Fiber 

Reinforced Engineered Cementitious Composite 

(PP-ECC) to replace normal concrete to study the 

structural behaviour of the beam-column joint. 

They revealed that PP-ECC performs well in 

enhancing shear capacity, which could reduce the 

amount of transverse reinforcement required. 

Other scholars [12] retrofitted beam-to-column 

joints using ECC jackets. It has been found that 

ECC jackets effectively confined the joint core, 

mitigated localized damage through dense 

microcracking, and promoted a desirable flexural 

failure mode in the beam. This method significantly 

enhanced joint strength, stiffness retention, energy 

absorption, deformation capacity, and collapse 

drift, confirming its effectiveness and reliability for 

retrofitting exterior beam–column joints. Yang et al. 

[13] found the effectiveness of ECC in altering 

normal concrete for the cover panels of composite 

steel plate shear walls, by providing efficient 

constraint of the steel plate as well as mitigating the 

damage of the panels. 

Short beams are usually characterized by a 

low shear span-to-depth ratio (normally smaller 

than 2.5), leading to a strut-and-tie load transfer 

mechanism or arch action, rather than a beam 

action mechanism dominated as in slender beams 

[17]. Thanks to this mechanism, short beams 

demonstrate high shear strength and stiffness, 

enabling them to transfer heavy loads efficiently 

over short spans. However, in reinforced concrete 

(RC) short beams, brittle shear failure often occurs 

prematurely, characterized by steep diagonal 

cracking with limited ductility, which can 

significantly affect the safety and serviceability of 

structures. It is therefore rational to introduce ECC 

in the short beam as a potential alternative to 

normal concrete due to its above-mentioned 

advanced performance under shear. Nevertheless, 

limited studies have been found in the literature 

that investigated the shear performance of 

reinforced ECC (R/ECC) short beams. Alyousif et 

al. [18] conducted experimental programs 

consisting of two comparable groups: six beams 

constructed with ECC and six beams made with 

normal concrete. Two different parameters were 

investigated, including three different shear span-

to-depth ratios and two different amounts of 

longitudinal reinforcement. The experimental 

findings indicate that R/ECC beams exhibit 

superior shear performance compared to 

corresponding RC beams. In particular, the R/ECC 

specimens demonstrated notably higher load–

carrying capacity, stiffness, ductility, and energy 

absorption. It has also been found in this study that 

the shear span-to-depth ratio plays a key role in the 

shear performance of the beams. However, the 

effect of ECC material, including its compressive 

strength, tensile strength, and strain, on the shear 

has not been adequately addressed [18]. 

In terms of numerical simulation of R/ECC 

short beams, there are very few studies conducted. 

It appears that only the study by Hamsavathi et al. 
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[19] examines the effects of the shear span-to-

depth (a/d) ratio and shear reinforcement ratio on 

shear load transfer mechanisms of R/ECC short 

beams. From the authors’ perspective, after 

digging into the literature, there is still a lack of in-

depth analysis on the shear behaviour of R/ECC 

short beams with regard to the influence of ECC 

material on the internal stress distribution and 

shear behaviour of the beams. Indeed, the effects 

of each parameter of ECC material properties, 

such as compressive strength, tensile strength, 

and strain, on shear behaviour, including the load-

displacement relationship, stress distribution, and 

failure mode, have yet to be investigated. 

Therefore, this study, in an attempt to address this 

gap, has conducted a numerical investigation using 

the Finite Element Method (FEM) to examine the 

shear behavior of R/ECC short beams. The 

findings of this study provide a deeper 

understanding of their structural response and 

establish a scientific basis for design and 

strengthening applications in practical engineering. 

2. Development of numerical model 

2.1. Specimen modelling 

 

(a) 

 

(b) 

Fig. 1. Geometry and reinforcing details of the beams employed for FE modelling development: (a) RC 

short beams [20]; (b) R/ECC short beams [18] 

Table 1. Details of the simulated beams 

Source Beam ID b (mm) h (mm) a/d Rebar Stirrup µ (%) f’c* (MPa) 

Ref. [20] 1.1C260-0.4 140 260 1.1 2ϕ10 - 0.4 40 

1.1C260-0.6 140 260 1.1 2ϕ12 - 0.6 40 

1.1C360-0.5 140 360 1.1 2ϕ12 - 0.5 40 

Ref. [18] ECC-1A 125 250 1.0 2ϕ16 ϕ10a80 1.29 49.1 

*f’c is the compressive strength of concrete/ECC 
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In this study, the test program conducted by 

Abed et al. [20] was utilized to extract data for the 

development of the numerical model. Three RC 

short beams were selected for developing and 

validating the numerical model, as shown in Table 

1. To further verify the reliability of the adopted 

numerical approach, specifically for ECC, an 

additional validation was performed using the 

experimental data of a reinforced ECC (R/ECC) 

short beam (labeled as ECC-1A) tested by Alyousif 

et al. [18]. Beam geometry and reinforcement 

arrangements of beams tested by Abed et al. [20] 

and Alyousif et al. [18] are respectively shown in 

Fig. 1(a) and Fig. 1(b). The details of simulated 

R/ECC short beams are also shown in Table 1.  

2.2. Constitutive models, element types and 

contact properties, and boundary conditions 

2.2.1. Concrete 

 A solid element (C3D8R) is used to simulate 

the concrete part. As per a recommendation shown 

in [20], values of the CDP (Concrete Damage 

Plasticity) model are shown in Table 2. The 

standard concrete cubes were tested and obtained 

an average compressive strength of 50 MPa. 

Therefore, the cylinder compressive strength of 

concrete was determined to be 40 MPa, as per 

Equation (1): 

' cylinder ' cube
c cf 0.8f=  (1) 

where ' cylinder
cf  and ' cube

cf  are the compressive 

strengths of concrete of standard cylinder 

specimens with a diameter of 100 mm and height 

of 200 mm, and standard cube specimens of 150 

mm in size, respectively. 

The stress–strain relationship of Carreira and 

Chu [21] was adopted to define the stress-strain 

behaviour of concrete. The compressive and 

tensile stress-strain curves are shown in Fig. 2. 

The compressive behavior of concrete was 

assumed to be linear elastic up to compressive 

stress equal to 0.4f’c. Beyond that point, the plastic 

behaviour of concrete was defined using Equations 

(2) and (3) as follows: 

c c c
c

c c

f ' ( / ' )

1 ( / ' )
  

 =
 − +  

 (2) 

where: 𝜎c is the compressive stress in concrete, 𝜀c 

is the compressive strain in concrete, 𝑓′c is the 

compressive strength of the concrete, and 𝜀′c is the 

strain when the concrete reaches compressive 

strength 𝑓′c.  

The γ value is calculated as follows: 

3

cf '
1.55

32.4

 
 = + 

 
 (3) 

Tensile strength of concrete (𝑓’t) is taken as 

around 0.1𝑓′c. The relationship between tensile 

stress and strain of concrete is given in Fig. 3 and 

is considered linear until the concrete reaches its 

tensile strength. After passing this stage, the 

tensile stress is calculated as in Equation (4): 

0.85
cr

0.00035

t tf e

− 
− 
  =  

(4) 

The elastic modulus of concrete is 

approximately calculated as in Equation (5), 

according to ACI 318-19: 

c cE 4700 f '=  (5) 

Table 3 presents the material parameters 

defining the constitutive model for the concrete 

used in the numerical simulations. 

2.2.2. Reinforcement 

The steel bars are simulated using two-node 

truss elements (T3D2). A bilinear curve is used for 

the constitutive model of reinforcement, as shown 

in Fig. 3. According to [20], the parameter values 

for the constitutive model of rebar are also shown 

in Table 4. 

2.2.3. ECC 

Similar to concrete, a solid element with 

reduced integration (C3D8R) is used to simulate 

ECC material. The stress-strain models which 

were reported in [22] are used for the behaviour of 

ECC under compression and tension, as shown in 

Figs. 4(a)-(b). ECC compressive stress-strain 

relationship is expressed as in Equation (6): 
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0 0.4

c

0 0.4 0

E (0 )

E (1 ) ( )

    
 = 

 −      

 (6) 

where E0 is the elastic modulus, 𝜀0.4 is the strain at 

0.4f’cr, 𝜀0 is the strain at f’cr, α is the reduction 

coefficient of E0 when it reaches 0.4f’cr, and α is 

determined as follows: 

0

'

cr

E
a b

f


 = −  (7) 

where coefficients a and b are 0.46 and 0.33 [22], 

respectively.  

The ECC compressive stress-strain 

relationship at the post-peak stage is expressed as 

follows: 

'

0 cr 0 l

l l l max

m( ) f ( )

n( ) ( )

  −  +     
 = 

 −  +      
 (8) 

where the slopes of the quadratic line m and n are 

taken as -14190.01 and -389.60, respectively. εl is 

taken as 1,5ε0. 

Table 2. The CDP parameters 

Dilation Angle Eccentricity fb0/fc0 K Viscosity Parameter 

30 0.1 1.16 0.667 1E-6 

Table 3. Parameters of concrete constitutive model adopted for FE modelling 

Material σ0.4 (MPa) ε0.4 (%) fc
' (MPa) εc

'  (%) εcu (%) f’t  (MPa) εcr (%) εft (%) 

Concrete 16.0 0.0538 40.0 0.27 8.0 3.51 0.012 0.28 

 
Fig. 2. Stress-strain curve in compression (left) and tension (right) of concrete 

 
Fig. 3. Bilinear stress-strain curve of reinforcement
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(a)                                                                 (b) 

Fig. 4. Stress-strain curve of ECC: (a) in compression; (b) in tension 

Table 4. Parameters of reinforcement constitutive model 

Source Material db (mm) Es (GPa) εy (%) fy (MPa) εu(%) fu (MPa) 

Ref [20] Rebar 
10 200 0.21 460 12.6 690 

12 200 0.21 460 12.6 690 

Ref [18] 
Rebar 16 205 0.25 520 10.2 625 

Stirrup 10 198 0.22 428 9.3 535 

Table 5. Parameters of ECC constitutive model adopted for FE modelling 

Material E0 (MPa) σ0.4 (MPa) ε0.4 (%) fcr
′  (MPa) εo(%) σl (MPa) εl (%) σcu (MPa) εcu (%) 

ECC 18000 19.64 0.109 49.1 0.51 30.13 0.968 16.46 6.23 

 
Fig. 5. Mesh sensitivity analysis 

The tensile stress–strain behavior of ECC is 

represented by a trilinear relationship, as illustrated 

in Fig. 4. This simplified model is convenient for 

implementation in numerical simulations and has 

proved to be efficient in previous studies [23-25]. 

The tensile constitutive response is defined by 
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Equation (9), which can be written as follows: 

t0

tp t0

t0

tp t0

0
t0

t0 tp t0
t0 tp

t

tp tutp

tu

E 0

( )( )

(1 )

0

−

 −

−

 −

    

 +  −      

 = 
     −

   


 (9) 

where: 𝜎t0 and 𝜀t0 are the first crack stress and 

corresponding strain, 𝜎tp is the tensile stress and 𝜀tp  

is the corresponding strain, 𝜀tu is the failure strain. 

The parameters of the ECC constitutive model 

adopted for FE modelling are shown in Table 5. 

2.2.4. Contact properties and boundary 

conditions 

The support and load plates were tied to the 

beam using a tie constraint available in Abaqus. 

For the contact between concrete/ECC and 

reinforcement, the embedded region option was 

used. Boundary conditions were applied to two 

support plates of the beam, in which one acted as 

the pinned support and the other acted as the roller 

support. For the pinned support, all three directions 

were fixed to move for the nodes situated at the 

bottom middle line of the support plate. Whereas, 

the corresponding nodes were fixed in only two 

directions and free to move in the longitudinal 

beam axis for the roller support. 

The beam volume was discretized using 

brick elements with reduced integration, with a 

nominal element size of 30 mm for the 

concrete/ECC after a sensitivity analysis was 

conducted, which is shown in Fig. 5. As can be 

seen in Fig. 5, the numerical results using the mesh 

size of 30 mm for brick elements show the most 

accuracy in terms of both load capacity and 

displacement at failure. In addition, the selection of 

a 30 mm mesh size ensures the modelling 

accuracy and computational time efficiency. Fig. 6 

illustrates the typical geometry, meshing strategy, 

boundary conditions, and loading setup adopted 

for the numerical analysis. The load was applied 

via displacement-controlled loading at two loading 

plates. 

 
Fig. 6. A typical FE mesh (with 30 mm nominal element size) used for the modelling of beams 

3. Validation of numerical model 

3.1. Validation using RC short beams 

The validation results, comparing the Finite 

Element Analysis (FEA) predictions with the 

experimental data (EXP) for all three RC short 

beams (1.1C260-0.4, 1.1C260-0.6, and 1.1C360-

0.5), demonstrate a satisfactory agreement in 

terms of the load–midspan displacement curves, 

as shown in Figs. 7(a)-(c). The results indicate that, 

despite being slightly higher in terms of initial 
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bending stiffness, the FE model results align well 

with the experimental data regarding the yielding 

point and maximum load-carrying capacity. 

Fig. 8(a) shows the crack distribution 

comparison between the experiment and the FEA 

for the three RC short beams. The numerical model 

demonstrates good agreement in capturing the 

shear failure mechanism. Both experimental and 

numerical results consistently reveal a shear-

dominated failure mode, characterized by the 

propagation of a single, critical diagonal shear 

crack extending from the support to the loading 

point, which is a typical failure in short beams. 

Specifically, the FE model accurately predicts the 

location and orientation of these critical shear 

cracks. For all three beams, the simulation results 

effectively capture the high stress concentration 

consistent with a shear-compression failure near 

the loading point. This strong alignment between 

the model's damage prediction and the physical 

experimental observation provides strong 

evidence validating the stability and reliability of the 

developed numerical models. 

Table 6 summarizes the comparison 

between the numerical finite element (FE) results 

and the experimental data for the three RC short 

beams. The FE model demonstrates good 

accuracy in predicting the load-carrying capacities. 

The deviation for the ultimate load across all three 

beams is consistently very low, ranging from just 

0.4 % to 1.7 %. Similarly, the deviation for the yield 

load is also small, ranging from 0.2% to 6.4%. This 

confirms that the developed numerical model is 

capable of capturing the stiffness and strength 

mechanisms of the RC short beams. The deviation 

for ultimate displacement is also relatively low, 

ranging from 2.9% to 4.3%. The maximum 

deviation in yield displacement is for beam 

1.1C360-0.5, which is shown at 33.7%. That is the 

most sensitive parameter in the model, possibly 

due to minor differences in defining the yield point 

in the experimental data versus the numerical 

simulation. 

Figs. 9(a)-(c) demonstrate a reasonable and 

close agreement between the load-strain curves in 

rebar derived from the FE model and the EXP 

results for all three RC short beam specimens. This 

high degree of correlation serves as a strong 

validation for the numerical model. The FEA curves 

closely match the EXP curves during the initial 

elastic loading stage, despite a slightly higher 

strain. Then the FEA results accurately capture the 

onset of steel yielding in all three short beams. 

After yielding of steel, all three beams reached the 

strain hardening stage and failed at a certain mid-

span displacement. From Figs. 7(a)-(c) to Figs. 

9(a)-(c), it is said that the numerical model has 

been validated with the experimental results in 

three typical RC short beams, including the load-

displacement relationship, crack distribution, and 

load-strain relationship of rebar, demonstrating it 

as a reliable tool for subsequent parametric study 

investigation on the effect of different parameters 

on the shear behaviour of short beams. 

3.2. Validation using R/ECC short beams 

Figs. 7(d) and 8(b) compare the numerical 

predictions with the experimental results [18] for 

the R/ECC short beam. As illustrated in Fig. 7(d), 

the simulated load-displacement curve captures 

the initial stiffness, peak shear capacity, and post-

peak softening behavior with a high degree of 

accuracy. Fig. 8(b) presents the numerical failure 

mode of the simulated R/ECC short beam. It can 

be observed that the R/ECC short beam developed 

a broader and more distributed diagonal damage 

pattern rather than a single, highly localized major 

diagonal crack. This distributed damage response 

in the macroscopic model conceptually reflects the 

high tensile strain capacity and the strain-

hardening properties of the ECC material. 

Moreover, the numerically simulated R/ECC short 

beam also exhibited localized crushing at the 

loading point and supports due to stress 

concentration, which generally aligns with 

experimental observations. The deviations in yield 

and ultimate loads between FE and test results 
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shown in Table 6 are only around 5%. Overall, the 

numerical model demonstrates a reasonable 

capability in capturing the load-displacement 

curve, shear carrying capacity, and primary shear 

failure mechanisms of R/ECC short beams, 

providing satisfactory support for the reliability of 

the developed numerical approach within the 

investigated scope. 

 

                                          (a)                                                                                  (b) 

 

                                          (c)                                                                                  (d) 

Fig. 7. Load - displacement relationship of short beams compared between FEA and experimental 

results of [18], [20]: (a) 1.1C260-0.6 beam; (b) 1.1C260-0.4 beam; (c) 1.1C360-0.5 beam; (d) ECC-1A 

beam 

Table 6. Comparison of FE models and experimental results [18, 20] 

Beam 
Yield load (kN) 

Dev. 

(%)  

Yield disp.  

(mm) 

Dev. 

(%)   

Ultimate load  

(kN) 

Dev. 

(%)   
Ultimate disp. (mm) 

Dev. 

(%)   

EXP FE  EXP FE  EXP FE  EXP FE  

1.1C260-0.4 143.5 139.8 2.5 3.7 2.8 24.9 160.0 159.4 0.4 10.3 9.9 4.3 

1.1C260-0.6 186.4 187.8 0.2 4.1 4.0 2.9 203.3 201.1 1.1 10.1 10.5 3.5 

1.1C360-0.5 203.1 190.0 6.4 2.1 3.2 33.7 211.9 208.3 1.7 12.8 13.1 2.9 

ECC-1A 466.67 455.95 2.3 5.5 4.7 17.0 499.2 473.5 5.5 7.6 6.9 10.1 
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(a) 

(b)        

Fig. 8. Failure modes of simulated beam specimens compared with experimental results [18], [20]:       

(a) RC short beams; (b) R/ECC short beam (ECC-1A) 

 
                                          (a)                                                                               (b) 

Fig. 9.  Load - strain relationship of rebar of RC short beams compared between FEA and test results 

[20]: (a) 1.1C260-0.4 beam; (b) 1.1C260-0.6 beam; (c) 1.1C360-0.5 beam 
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(c) 

Fig. 9. (continued)

4. Effect of ECC material on shear behaviour of 

R/ECC short beams 

4.1. Effect of ECC material 

This section presents the primary 

comparative study of the numerical investigation. 

The main objective is to directly quantify the 

structural behaviour when replacing conventional 

concrete with ECC in short beam specimens. 

Three R/ECC beams were modeled using the 

approach established in Section 3. Basically, the 

beams were designed with identical geometric 

dimensions, reinforcement ratios (μ), and 

equivalent nominal material properties (the 

identical compressive strength between ECC and 

concrete). It is important to clarify that this is not a 

simple equal-strength material replacement. While 

the nominal compressive strengths are identical, 

ECC and conventional concrete possess 

fundamentally different constitutive responses, 

particularly regarding their elastic modulus, tensile 

strength, ultimate strain capacity, and cracking 

mechanisms. Therefore, this baseline comparison 

specifically aims to highlight the structural 

advantages derived from the unique tensile and 

strain-hardening properties of ECC compared to 

the brittle nature of conventional concrete. The 

modelled R/ECC short beams are labelled in the 

same way as presented for RC beams; however, 

the letter C is now replaced by the letter E to 

represent the ECC material. The parameters used 

for the three R/ECC short beams are tabulated in 

Table 7. Table 8 summarizes the parameters 

adopted for the ECC behaviour under 

compression, whereas Table 9 provides the 

corresponding parameters defining the tensile 

constitutive response, including the critical strain-

hardening and ultimate tensile strain capacities. 

These material property parameters were selected 

based on the experimental results conducted in 

previous studies [22, 26, 27]. It is noted that these 

simulated R/ECC short beams employed material 

parameters of ECC 40 MPa, which are similar to 

those of simulated RC short beams in terms of 

cementitious material grade.  

The numerical results discussion focuses on 

comparing the load-displacement response, 

ultimate shear capacity, shear-carrying 

mechanism, and failure mode between the beam 

specimens employing these two materials. In all 

three comparative pairs (1.1C260-0.4 vs 1.1E260-

0.4,  1.1C260-0.6 vs 1.1E260-0.6, and 1.1C360-

0.5 vs 1.1E360-0.5), the R/ECC short beams 

exhibited a significantly higher ultimate shear 

capacity than their concrete counterparts, as 

shown in Figs. 10(a)-(c). The load increase for the 

R/ECC short beams is substantial, ranging from 

approximately 25% to 60% depending on the 

specimen geometry and reinforcement ratio. The 



JSTT 2026, 6 (5), 214-233                                 C.-L. Nguyen et al 

 

 
225 

R/ECC short beams consistently displayed 

superior displacement. Despite exhibiting a slightly 

lower initial stiffness, the R/ECC short beams 

maintained their significantly higher peak load in 

comparison to their concrete counterparts. These 

findings are concretely supported by the 

experimental program previously conducted by 

Alyousif et al. [18]. 

Table 7. Details of the simulated beams 

Name b (mm) h (mm) a/d Rebar µ (%) f’cr (MPa) 

1.1E260-0.4 140 260 1.1 2ϕ10 0.4 40 

1.1E260-0.6 140 260 1.1 2ϕ12 0.6 40 

1.1E360-0.5 140 360 1.1 2ϕ12 0.5 40 

Table 8. Parameters of ECC constitutive models in compression 

Material Ec (MPa) σ0.4 (MPa) ε0.4 (%) fcr
′  (MPa) εo(%) σl (MPa) εl (%) σcu (MPa) εcu (%) 

ECC 20MPa 10300 8.01 0.100 20.11 0.375 14.03 0.891 7.92 4.55 

ECC 40MPa 15300 16.01 0.105 40.21 0.395 28.06 0.935 15.84 5.47 

ECC 60MPa 20300 24.02 0.110 60.32 0.413 42.09 0.975 23.76 6.86 

Table 9. Parameters of ECC constitutive models in tension 

Material ft (MPa) εt0 (%) σtp (MPa) εtp (%) σtu (MPa) εtu (%) 

ECC 20MPa 2.30 0.020 2.50 0.70 0.11 1.78 

ECC 40MPa 3.37 0.022 4.06 0.80 0.21 1.88 

ECC 60MPa 4.88 0.027 5.30 0.95 0.27 2.02 
 

 
                                          (a)                                                                                (b) 

Fig. 10. Comparison of numerical results between RC and R/ECC beams: (a) 1.1C260-0.4 vs 1.1E260-

0.4; (b) 1.1C260-0.6 vs 1.1E260-0.6; (c) 1.1C360-0.5 vs 1.1E360-0.5 

Based on the visual comparison of maximum 

principal stress contours between the simulated 

R/ECC short beams and the RC short beam 

specimens (Figs. 11(a)-(c)), it can be seen that the 

R/ECC short beams exhibit a substantial arch 

action compared to RC counterparts, especially in 

beam 1.1E360-0.5, which correspondingly allows 

the R/ECC short beams to resist higher shear 

loads and larger displacements.  

4.2. Effect of ECC grade 

To evaluate the shear performance of R/ECC 

short beams under realistic material conditions, a 

parametric study was conducted considering 

comprehensive ECC grades. In practice, the 
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material properties of cementitious composites are 

interlinked; an increase in compressive strength 

(f'cr) is typically accompanied by enhancements in 

elastic modulus (E0) and tensile strength (ft). 

Therefore, three distinct ECC grades were 

simulated, including ECC 20 MPa, ECC 40 MPa 

(the baseline), and ECC 60 MPa. The material 

parameters input for numerical analysis of each 

ECC grade are tabulated in Tables 8 and 9. Where 

the parameters were proportionally adjusted to 

reflect established empirical correlations for 

realistic mix designs. 

(c)  

Fig. 10. (continued) 

(a) 

 

(b) 

 

Fig. 11. Maximum principal stress distribution in R/ECC and RC short beams: (a) 1.1C260-0.4 vs 

1.1E260-0.4; (b) 1.1C260-0.6 vs 1.1E260-0.6; (c) 1.1C360-0.5 vs 1.1E360-0.5 
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(c) 

 

Fig. 11. (continued) 

 
                                        (a)                                                                                  (b) 

 
                                         (c)                                                                                   (d) 

Fig. 12. Load-displacement curves of beams with different: (a) ECC grade; (b) ECC compressive 

strength; (c) ECC tensile strength; (d) ECC tensile strain 

The load-midspan displacement curves for 

the three ECC grades are presented in Fig. 12(a). 

The results clearly demonstrate that upgrading the 

ECC material grade significantly enhances the 

overall shear performance of the R/ECC short 

beams. First, a distinct variation in the initial 
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stiffness is observed among the three curves; the 

ECC 60 MPa beam case exhibits the steepest 

elastic slope, directly reflecting the higher elastic 

modulus of the higher grade. Second, the ultimate 

shear capacity is substantially improved, jumping 

from approximately 180 kN for the ECC 20 MPa 

grade to nearly 270 kN for the ECC 40 MPa grade, 

and reaching approximately 340 kN for the ECC 60 

MPa grade. Despite these dramatic increases in 

stiffness and peak load, all three beams reached 

their ultimate capacity at a relatively consistent 

mid-span displacement (4-6 mm) and exhibited a 

similar stable post-peak softening phase. To further 

systematically determine exactly which individual 

material parameter (f'cr, ft, or tensile strain εtp) 

predominantly drives these significant 

performance gains observed across different 

grades, a strictly isolated parameter investigation 

is subsequently presented in the following 

sections. 

4.3. Effect of ECC compressive strength 

The investigation utilized the baseline R/ECC 

beam model (beam 1.1E260-0.6 with f’cr = 40 MPa) 

and introduced two additional numerical beam 

specimens with f’cr varying from 20 MPa to 60 MPa. 

It is noted that in this strictly controlled numerical 

study, only the compressive strength parameter 

was varied while all other constitutive parameters, 

including the elastic modulus, the tensile strength, 

the CDP parameters, and the strain at peak 

compressive strength, were fixed at constant 

values, which is intended merely to clearly 

demonstrate the effect of the ECC compressive 

strength parameter on the shear performance of 

ECC short beams. 

As shown in Fig. 12(b), it can be observed 

that peak loads of the three R/ECC short beams 

with various compressive strengths (20, 40, and 60 

MPa) differ by only about 5 – 7%, despite the 

compressive strength of the ECC increasing up to 

200% (from 20 to 60 MPa). All three curves exhibit 

nearly identical initial stiffness, as the elastic 

modulus was intentionally kept constant regardless 

of f’cr. The peak loads were reached at similar 

displacements (about 4-6 mm), suggesting that the 

onset of shear-critical damage is not strongly 

influenced by compressive strength. To further 

clarify the shear-carrying mechanism in these 

R/ECC short beams, a Von-Mises stress contour at 

the failure point is plotted in Fig. 13 for the R/ECC 

short beam with f’cr of 60 MPa. It is seen that even 

though the compressive strength of ECC is 60 

MPa, the compressive stress developed at the 

compression tie is only about 25 MPa at failure, 

which means that the ties did not fail, and the beam 

failed due to the failure of the ECC diagonal strut. 

This explicitly explains the marginal effect of 

compressive strength on the shear performance of 

R/ECC short beams. 

4.4. Effect of ECC tensile strength 

The influence of the ECC tensile strength, 

which is a critical attribute governing cracking 

resistance and strain-hardening behavior, is worth 

conducting an investigation. To isolate this 

variable, the baseline ECC beam model (1.1E260-

0.6), featuring a tensile strength of ft = 3.37 MPa, 

was utilized as the control specimen. The 

parametric investigation involved simulating two 

additional beams in which the tensile strength was 

systematically varied to ft = 1.37 MPa and 5.37 

MPa. It is worth mentioning that all other ECC 

material parameters, including the compressive 

strength (f′cr), elastic modulus, and especially the 

ultimate tensile strain, were fixed at constant 

values. This strict control enables the direct 

investigation of the relationship between tensile 

strength and the shear transfer mechanism of the 

ECC short beams, thereby quantifying the 

contribution of fiber bridging to the peak load 

capacity and post-peak behaviour.  

As shown in Fig. 12(c), unlike the 

compressive strength case, the curves indicate 

that a higher ft leads to a noticeable increase in the 

initial stiffness and the slope of the curve before the 

peak load. When ft increases from 1.37 MPa to 5.37 

MPa, the load-carrying capacity doubles from 175 
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kN to 372 kN, confirming that the shear resistance 

is highly dependent on the tensile strength of the 

ECC. Figs. 14(a)-(c) explain that the increase in ft 

leads to the substantial buildup of arch action in 

R/ECC short beams, which results in the increase 

of shear capacity. However, it should be highlighted 

that these numerical results were achieved based 

on the simplified trilinear tensile stress-strain model 

of ECC. Even though this simplified tensile stress-

strain model is proven to be efficient in previous 

studies [23-25], it might not fully represent the 

complex micromechanical behaviours of ECC with 

multiple tiny crack formation and fiber-bridging 

mechanisms. Therefore, more experimental as 

well as analytical work needs to be systematically 

carried out in the future to clarify this phenomenon. 

 
Fig. 13. Von-Mises stress contour in beam with f’cr = 60 MPa 

 

Fig. 14. Arch action built in R/ECC short beams with different ft: (a) ft = 1.37 MPa; (b) ft = 3.37 MPa;  

(c) ft = 5.37 MPa 
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To provide quantitative evidence for the 

enhanced structural resilience, the actual energy 

absorption of the simulated beams was evaluated. 

This energy absorption was calculated by 

integrating the area under the load-displacement 

relationship. To ensure a consistent and objective 

comparison across all models, the integration limit 

for each specimen was strictly defined as the 

displacement point at which the post-peak load 

degraded to 80% of its ultimate capacity [28]. Fig. 

15 demonstrates that a higher ft value results in a 

higher energy absorption, with an increase of up to 

43% when increasing ft from 1.37 MPa to 5.37 

MPa. 

4.5. Effect of ECC tensile strain 

In order to study the influence of the tensile 

strain capacity (εtp) of ECC, which is a key 

parameter dictating the material's ductility and its 

ability to maintain stress transfer across a wide 

crack, on the shear-resistant behaviour of R/ECC 

short beams, three beam cases were modeled with 

different tensile strain capacities. The baseline 

ECC beam model (1.1E260-0.6), featuring an initial 

εtp of 0.8%, was used as the control specimen. The 

investigation involved simulating two additional 

numerical beams where the tensile strain was 

systematically increased to 1.2% and decreased to 

0.4%. It is noted that this tensile strain range is 

commonly achievable for ECC, as it is well-known 

for excellent strain-hardening behaviour, and its 

tensile strain normally exceeds 2%. 

The load-displacement results of these three 

beams are shown in Fig. 12(d). It is indicated that 

all three R/ECC short beams, regardless of the εtp 

value, achieve a nearly identical ultimate load 

capacity (approximately 260 kN to 270 kN) and 

exhibit similar initial stiffness up to the peak. The  

εtp = 1.2% curve shows the most stable softening, 

sustaining a high residual load up to 7.2 mm 

displacement. Conversely, the εtp = 0.4 % curve 

exhibits the most brittle post-peak drop and the 

lowest residual strength, resembling a material that 

loses its fiber bridging capacity prematurely. The 

energy absorption of beams with different tensile 

strain, shown in Fig. 15, demonstrates that a higher 

εtp allows the ECC to have a greater inelastic strain, 

resulting in superior ductility and better energy 

absorption capability for the beam. 

 
Fig. 15. Comparison of energy absorption for R/ECC short beams with varying tensile strength and 

tensile strain capacities 

5. Conclusions 

A numerical analysis of the shear behaviour 

of RC and R/ECC short beams was conducted in 

this study. The numerical model was developed 

using finite element method-based software 

named Abaqus. Nonlinearities of materials and real 

contacts between components were carefully 

considered in the study. The numerical model was 
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validated using the experimental data of three RC 

short beams and one R/ECC short beam reported 

in the literature. Following the validation, a 

parametric study was conducted to examine and 

evaluate the effects of ECC material on the shear 

behaviour of the R/ECC short beams. Several 

conclusions can be drawn from this study: 

- The numerical model developed in this 

study aligned well with the experimental data of RC 

and R/ECC short beams, not only in terms of shear 

load-displacement relationship but also in terms of 

crack distribution and load-strain behaviour of the 

rebar. This demonstrates that the developed 

numerical model adequately captures the 

fundamental shear response within the 

investigated scope, providing a reliable basis for 

the subsequent parametric study. 

- By replacing conventional concrete with 

ECC with an equivalent nominal compressive 

strength, the numerical results indicated that, 

within the simulated configuration range, ECC can 

notably enhance both the ultimate shear capacity 

and ductility. An increase of up to approximately 

60% in shear capacity was observed for the 

simulated R/ECC short beams over their RC 

counterparts, thanks to the excellent strain 

capacity of ECC in tension and shear. 

By altering the ECC grade, ECC 

compressive strength, tensile strength, and tensile 

strain values, the effects of these parameters were 

systematically evaluated. It has been revealed that 

the ECC tensile strength is the dominant material 

parameter, leading to substantial increases in the 

ultimate load (up to 112% when ft was increased 

from 1.37 MPa to 5.37 MPa). This shear strength 

increase is accounted for by the substantial buildup 

of arch action in R/ECC short beams with higher 

tensile strength. Meanwhile, the tensile strain 

capacity played a crucial role in enhancing the 

overall structural ductility and energy absorption of 

the R/ECC short beams. It has also been found that 

the compressive strength has a marginal effect on 

the shear performance of R/ECC short beams due 

to the fact that the arch action governs the failure 

in these R/ECC short beams. However, it should be 

highlighted that these numerical results were 

achieved based on the simplified trilinear tensile 

stress–strain model of ECC and an idealized one-

variable-at-a-time parametric design, which might 

not fully represent the complex micromechanical 

behaviours of ECC, including the formation of 

multiple microcracks and fibre-bridging 

mechanisms. Therefore, more experimental and 

analytical work needs to be systematically carried 

out in the future to clarify this phenomenon. 
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