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Abstract: The four-point flexural test is now making headway as an alternative laboratory 
investigative technique for determining the tensile properties of Engineered Cementitious 
Composite (ECC) to the more traditional, direct/uniaxial tensile test. As the fundamental 
mechanics of ECC specimens tested in four-point flexure are well understood, it is possible to 
develop a simple relationship between flexural test results and the tensile properties of this cement 
composite. This paper extends this development and aims to provide accessible and quick 
calculation of the tensile properties of ECC via a virtual test environment. To this end, attention 
is directed towards the test configurations developed earlier at Heriot-Watt University, the 
University of Michigan, and Sepuluh Nopember Institute of Technology. In this paper, the 
technical background employed in creating the virtual environment and the computer 
implementation using the JavaScript programming language are presented. The prototype virtual 
environment is freely available via the Internet at https://ecc-calculator.netlify.app/. 
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Introduction   
 

Engineered Cementitious Composite (ECC) is a 
highly ductile family of cement-based materials 
capable of exhibiting tensile strain capacities several 
orders of magnitudes higher than ordinary concrete, 
typically more than 1% of strain [1]. The most dis-
tinctive engineering property of ECC is its strain 
hardening ability – the ability of the composite to 
stretch and not fracture under tensile loading, resem-
bling the behaviour of a ductile metal. This is attri-
buted to its ability to form multiple micro-cracks of 
small widths (typically <0.1 mm) [2-3], rather than a 
single macro-crack as in ordinary and other types of 
fibre reinforced concrete [4]. 
 

Since the introduction of a specific variant of ECC 
incorporating Polyvinyl Alcohol fibres in the begin-
ning of the 21st century, ECC has undergone conside-
rable advancements and progressed to the point 
where it is finding use in a broad range of applications 
[5-8].  
 

The distinctive engineering properties of ECC may 
offer economic engineering solutions and therefore 
have attracted widespread interest from the engi-
neering community. Reasons for which are due to the 
expectance of ECC to: 
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i. provide a durable repair and cover; 
ii. partially replace the steel reinforcement in a 

heavily reinforced structural element thereby 
improving constructability; 

iii. provide an additional source of energy dissipation 
and damping effect, whilst offering enhanced 
structural integrity; and  

iv. lower or even eliminate cost of repair in struc-

tures subjected to extreme loading conditions 
such as during seismic events. 

 
From the practical point of view, Kanda and co-
workers [2,9] noted the importance of a technically 
simple test method as part of routine quality control 
testing to ensure that the tensile properties of ECC in 
large scale productions are essentially the same as the 
properties obtained in the pre-qualification stage. 
 
To date, the tensile properties of ECC has been 
primarily assessed through the direct application of a 
tensile force at both ends of a test sample, popularly 
known as the direct/uniaxial tensile test [10-14]. 
While this test can provide a direct assessment of the 
tensile properties of ECC, it is difficult to perform to 
the required standard. This test also requires the use 
of special testing apparatus and infrastructure, which 
is often only available in dedicated laboratories, 
thereby limiting its widespread use in construction. 
Furthermore, it has been recognised that in most 
instances, the level of quality required cannot be 
reached in normal construction practice, resulting in 
testing carried out exclusively for research purpose in 
laboratory settings. 
 

Qian and Li [15] proposed the use of a flexural test to 
address the limitations of the direct/uniaxial tensile 
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test and introduced the concept of master curve. The 
use of this curve allows for a quick estimation of the 
tensile strain capacity based on the beam deflection 

measured at peak load, which is estimated from a 

linear elastic beam curvature. They further extended 
their work, albeit using a simplified material model, 
and developed a series of intermediate calculations to 
enable the calculation of tensile strength based upon 
readings from a testing machine [16]. The use of both 
calculation frameworks would therefore allow tensile 
strain capacity and tensile strength to be determined. 

 

Suryanto and co-workers [17,18] employed the 

sectional analysis approach to predict the full load-

deflection response of a test specimen in four-point 

flexure. In their development, the nonlinear beha-

viour of ECC and the nonlinear curvature profile due 

to cracking were fully considered. Furthermore, to 

promote the uptake of their development among the 

practitioners, the analytical framework was further 

implemented in an Excel spreadsheet. They also 

introduced a series of simple equations to allow quick 

calculation of the tensile properties of ECC. However, 

it has been recognised that these equations, and those 

proposed by Qian and Li [16], are not simple enough 

for frequent and day-to-day use by technical staff 

working in material testing laboratories.  

 

In this paper, a user-friendly virtual platform 

developed using the Hypertext Markup Language/ 

JavaScript is presented to provide simple and quick 

calculation of the tensile properties of ECC using four-

point flexural test results. This virtual page has now 

been devised and optimised for both desktop and 

mobile use to promote the use of ECC on a more 

widespread scale. The first generation of this virtual 

application can be accessed freely at https://ecc-

calculator.netlify.app/ 

 

Test Setup 
 

The test configurations adopted in this paper are 

presented in Figures 1(a)-(c) which include the test 

configuration used earlier at Heriot-Watt University, 

with overall specimen dimensions of 20×40×170 mm 

[18]; the test configuration currently developed at the 

Sepuluh Nopember Institute of Technology (as part of 

the recent mix development [19]) with overall 

specimen dimensions of 30×75×300 mm; and the 

configuration used by Qian and Li [15,16] at the 

University of Michigan, with overall specimen 

dimensions of 50.8×76.2×355.6 mm. These test 

configurations are hereinafter referred to as HWU, 

ITS and UOM, respectively. All specimens were 

simply supported and subjected to two equal 

concentrated loads, with a central constant moment 

region of 40 mm for HWU; 90 mm for ITS and 101.6 

mm for UOM. 

 
(a) 

 
(b) 

 
(c) 

 

Figure 1. Test setup: (a) HWU [18]; (b) ITS (c) UOM [15,16]. 
All dimensions in mm. 

 
Analytical Model: Full Analysis  
 

Structural Model 
 

Each specimen shown in Figure 1 is analysed with 
only half of the length considered due to symmetry. 
As presented in Figure 2(a), the half model is 
discretised into 11 segments. At the end of each 
segment, the cross-section is idealised as a series of 
thin layers with a width of b and a depth of dh (see 
Figure 2(b)). The “plane sections remain plane” 
hypothesis is adopted allowing the ECC strain in each 
layer 𝜀i to be related to the strain at the bottom face, 
𝜀tb, in the following manner [17]: 

 

 
(a) 

 
(b) 

 
(c) 

Figure 2. (a) Structural Model; (b) Layered Discretisation 
and Example of Longitudinal Strain and Stress Distri-
butions; (c) Constitutive Relations for ECC [17, 20-22]. 
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𝜀i =
(𝑦i−𝑥)

(ℎ−𝑥−0.5𝑑ℎ)
𝜀tb  (1) 

where 𝑦i is the position of the centroid of layer 𝑖 from 
the top of the plate (mm); 𝑥 is the neutral axis depth 
from top (mm); ℎ is the overall depth (mm); 𝑑ℎ is the 
layer thickness (mm). 
 

Constitutive Material Models 
 

The strain in each layer is converted to stress using 
the constitutive relations presented in Figure 2(c). In 
each layer, the longitudinal stress and strain are 
assumed to be uniform and equal to the values at the 
centre of each layer. The elasto-plastic fracture model 
[20-22] is used to describe the nonlinear stress-strain 
response of ECC in compression: 

𝑓c = 𝐾0𝐸0(𝜀i − 𝜀p) (2) 

𝐾0 = 𝑒𝑥𝑝 [−0.73
𝜀i

𝜀𝑐
′ (1 − 𝑒

−1.25
𝜀i
𝜀𝑐

′
)] (2a) 

𝐸0 = 2
𝑓𝑐

′

𝜀𝑐
′ (2b) 

𝜀p = 𝛽 [
𝜀i

𝜀𝑐
′ −

20

7
[1 − 𝑒𝑥𝑝 (−0.35

𝜀i

𝜀𝑐
′)]] 𝜀𝑐

′  (2c) 

where 𝐾0 is the fracture parameter; 𝐸0 is the initial 
stiffness (MPa); 𝜀p is the plastic strain; 𝑓c

′ is the 

compressive strength (MPa); 𝜀𝑐
′  is the strain when 𝑓c 

reaches 𝑓c
′ and can generally be taken as 0.5%; and 𝛽 

is the strain rate and taken as 1.0.  
 

The tensile stress of ECC, 𝑓t , is related to the initial 
stiffness 𝐸e and tensile strain, 𝜀i, [20-22] in the 
following manner: 

𝑓t = 𝐸e𝜀i  (3) 

After first cracking, the tensile stress in the ECC is 
assumed to vary linearly with strain at a slope of 𝐸sh 
during strain hardening, as given by [20]: 

𝑓t = 𝐸e𝜀tcr + 𝐸sh(𝜀i − 𝜀tcr)  (4) 

In the analysis, failure is assumed to take place when 
the strain at the centroid of the bottom layer 𝜀tb at all 
critical sections (Nodal points 10-12 in Figure 2(a)) 
reaches the tensile strain capacity of the ECC 
(i.e. 𝜀tb = 𝜀tu). In each analysis step, the resultant 
forces are checked to ensure equilibrium with the 
sectional moment applied. If this condition is not 
satisfied, the strain at bottom fibre is adjusted and the 
whole analysis is repeated until equilibrium is 
achieved. Further details of the constitutive relation-
ship, analytical procedure and iteration algorithm are 
given in reference [17]. 
 

Parametric Analysis 
 

A series of parametric analysis was undertaken on a 

wide range of possible material properties of ECC: 

tensile strength in the range 3.3–5.2 MPa; tensile 

strain capacity in the range 0.5–6%; and compressive 

strength of 30, 45 and 60 MPa, respectively. 

Figure 3(a) displays the actual values of the material 

parameters considered, with each analysis case label-

led with a number from 1 to 21. In the first series of 

analysis (Analysis Cases 1 to 7), the compressive and 

tensile cracking strengths were set constant at 30 

MPa and 3.2 MPa, respectively. In the second series 

of analysis (Analysis Cases 8 to 14), the compressive 

and tensile cracking strengths were taken as 45 MPa 

and 3.6 MPa, whereas in third series (Analysis Cases 

15 to 21), the compressive and tensile cracking 

strengths were set constant at 60 MPa and 4 MPa, 

respectively. In all cases, the modulus of elasticity was 

taken as 18 GPa. 

 

 
Figure 3. Parameters Considered in this Study: (a) Tensile 
and (b) Compressive Properties. 
 

Results of Full Analysis 
 

A typical load-deflection result from the parametric 
analyses is presented in Figure 4(b) using a tensile 
property presented in Figure 4(a) and a compressive 
strength of 45 MPa (Analysis Case 11). The influence 
of test configuration is clearly evident, with the HWU 
specimen displaying the smallest load capacity and 
overall deflection (due to the smallest specimen 
geometry and span) and the UOM specimen 
displaying the largest load capacity, but with smaller 
overall deflection when compared to the ITS 
specimen. The use of mid-span deflection in place of 
load-point deflection is recommended as the latter is 
sensitive to measurement errors. This is addressed in 
the ITS test configuration. 
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Figure 4. (a) Input Tensile Properties; (b) Predicted Load-
Deflection Response for all Test Configurations. 

 
Effect of Tensile Strain Capacity 
 

Figure 5 presents the predicted load-deflection res-
ponses for ITS plate with varying input tensile strain 
capacities from 0.5% to 6% and constant tensile crac-
king and compressive strengths of 3.6 MPa and 45 
MPa (Analysis Cases 8 to 14). It is evident that all 
these cases produce a similar fundamental load-
deflection response, with all the curves superimpos-
ing on each other and with the increase in strain 
capacity exerting a lengthening effect on the overall 
response. 

 
Figure 5. Effect of Tensile Strain Capacity on the Load-
Deflection Response of ITS Plate with a Thickness of 30 mm. 

Effect of Tensile Strength 

 

The predicted load-deflection responses for ITS plate 

with a constant tensile strain capacity of 3% and 

varying tensile strengths of 3.68, 4.14 and 4.6 MPa 

(Analysis Cases 4, 11 and 18) are presented in Figure 

6 for illustrative purposes. It is apparent that as 

tensile strength increases, this results in a progres-

sive increase in load capacity, causing the post-

cracking response to displace vertically with increas-

ing tensile strength (envisaged as an offset in Figure 

6). It is interesting to note that the increase in load 

capacity is accompanied by a slight reduction in the 

specimen deflection with the extent of the reduction 

increasing with increasing deflection. 

 
Figure 6. Effect of Tensile Strength on the Load-Deflection 

Response of ITS Plate with a Thickness of 30 mm. The 

Tensile Strain Capacity is Taken Constant at 3%. 

 

Development of Master Curves 
 

Figure 7(a) presents the relationship between the 

tensile strain capacity and the mid- or load-point 

deflections of the specimen at peak load, with the 

results highlighted with data markers and connected 

with a dashed line for clarity. It is evident that the 

tensile strain capacity is proportional to either the 

mid- or load-point deflection and is virtually indepen-

dent of tensile and compressive strengths. This 

implies that the deflection at peak load is the primary 

controlling influence on the tensile strain capacity, 

𝜀tu. The generic relationships linking these two 

parameters are 

𝜀tu = 1.29𝛿l𝑛 − 0.10 for HWU  (5a) 

𝜀tu = 0.74𝛿l𝑛 − 0.10 for UOM  (5b) 

𝜀tu = 0.46𝛿m𝑛 − 0.10 for ITS  (5b) 

where 𝛿l and 𝛿m are the load- and mid-point deflection 

at peak load (mm); 𝑛 is the ratio of the actual 

thickness to the standard thickness (i.e. 20 mm for 

HWU; 50.8 mm for UOM; and 30 mm for ITS). These 
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equations are plotted in Figure 7(b), so as one can 

directly read this Figure to determine the tensile 

strain capacity without the need of performing any 

calculation. 

 

 

Figure 7. (a) Relationship between Beam Deflection (mid- 

and load-point) and Tensile Strain Capacity for the Three 

Test Configurations; and (b) Proposed Master Curves for 

Each Setup. 

 

Figures 8(a)-(c) present the relationship between the 

input tensile strength and the peak load, with the 

latter multiplied with an empirical constant. It is 

evident that the tensile strength is linearly 

proportional to the proposed format of presentation 

for the peak load. It is interesting to note that 

although each test configuration is significantly 

different (and unique of its own) and the response of 

each plate is highly nonlinear, it is possible to obtain 

the same linear fit equation. 

 

 

 
 

Figure 8. Proposed Master Curve for (a) HWU; (b) UOM; 

and (c) ITS Specimen. Load in N and Dimensions in mm. 
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By presenting the tensile strength and the peak load 

in the format displayed in Figure 8, a considerably 

simple expression can be derived: 

𝑓tu = 1.26
46𝑃

𝑏ℎ2 + 0.46   for HWU  (6a) 

𝑓tu = 1.26
85𝑃

𝑏ℎ2 + 0.46   for UOM  (6b) 

𝑓tu = 1.26
75𝑃

𝑏ℎ2 + 0.46   for ITS  (6b) 

where 𝑃 is the peak load (N); 𝑏 is the overall width 

(mm) and ℎ is the overall thickness (mm). 

 

JavaScript Implementation 
 

The above equations have been implemented in an 

HTML document using the JavaScript programming 

language. The equations and related diagrams have 

been generated using the JavaScript to allow the 

intermediate calculations to be performed in the 

background based on the user input. Apart from the 

JavaScript development, the layout and style of the 

webpage has been designed using the Cascading 

Style Sheets (CSS) to offer a positive user experience. 

The developed webpage can be saved from the HTML 

page to a user local device (i.e. desktop PC, laptop, 

tablet or mobile phone) and used on a day-to-day basis 

without internet connection– should access to the 

internet be limited. If required, a user could also 

modify the coefficients in the equations to suit the 

preferred test configuration as they see fit. As feed-

back is received from the user community, new fea-

tures will be incorporated to the prototype virtual 

environment in the future. 

 

Figure 9 presents the developed webpage when 

opened, displaying two main areas as marked by the 

light grey and red colours. In the grey (left-hand side) 

box, the three test configurations are displayed, each 

preceded by a radio button, and four input boxes for 

user input. Once a test configuration is selected, the 

corresponding schematic diagram is displayed in the 

right-hand side. At the same time, the default values 

are shown in the input boxes displayed in the left-

hand side to indicate the range of reasonable values. 

Real test data from an actual flexural test can be 

inputted to replace the default values. 
 

 

Figure 9. Main Page of the ECC Calculator. 

 
(a) 

 

 
(b) 

 

  
(c) 

Figure 10. Populated form Displayed in a Laptop with (a) 

Ultra HD and (b) Full HD Resolutions. (c) the Same form 

Displayed in a Mobile Phone. 
 

Once the user has provided the necessary input 

values (or decided to use the default values), the 

Calculate button can be pressed to trigger the 

calculations in the background. The computed results 

are then displayed inside the white boxes displayed 

around the tensile stress-strain diagram in the right-

hand side, including the first cracking stress (MPa); 

tensile strength (MPa); strain at first cracking (%); 

and tensile strain capacity (%). 

 

To maximise the benefits of this development, the 

webpage has been tailored using Media Queries 

during the CSS implementation to enable the page to 

be displayed to various user devices including 

desktops, laptops, tablets and mobile phones. Figures 

10(a) and (b) displays the page layout when opened in 
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a device with Ultra HD and Full HD resolutions. In 

the tablet and mobile versions, the output (light red) 

box is moved below the input (grey) box due to space 

limitation, as displayed in Figure 10(c). 

 

 

Figure 11. Correlation of Inputted and Calculated Tensile 

Properties for 21 Analysis Cases. 

 

To check the accuracy of the virtual platform, Figures 

11(a) and (b) compare the input tensile strain 

capacities and tensile strengths from 21 analysis 

cases to the predicted values obtained from the virtual 

platform (webpage). For illustrative purposes, results 

are only presented for the ITS test configuration with 

a 30 mm plate thickness. The peak load and deflection 

values inputted into the webpage were obtained from 

the full analysis [17]. It was found that the virtual 

platform produces a mean input-to-predicted tensile 

strain capacity ratio of 1.01 and a coefficient of 

variation (COV) of 2.6%, thereby highlighting its 

similar accuracy as the full analysis. The same level 

of accuracy is obtained for the tensile strength 

predictions, with the 21 analysis cases resulting in a 

mean ratio of 1.0 and a COV of 2.0%. 

 

Limitations and Future Work 

 

The virtual platform presented in this paper is 

introduced to enable rapid estimation of the tensile 

properties of a cement composite that exhibits tensile 

strain-hardening behaviour such as the ECC. At this 

stage, this platform can only be used for the three test 

configurations introduced earlier, but extensions to 

other test configurations are very straightforward. 

For each configuration, it would be possible to use the 

virtual platform for test specimens of different 

thicknesses, having due consideration being given to 

the thickness scaling factor n. To this end, it is 

assumed that the fibre orientation within the 

composite is random and not affected by specimen 

geometry (i.e. thickness). In reality, a certain degree 

of fiber alignment may occur and this is particularly 

true when the overall thickness of the specimen is less 

than ~2.5 times the fibre length. This clearly war-

rants further investigation and will form the direction 

of our future work. Further research is also needed to 

evaluate the accuracy of the platform against expe-

rimental data to ensure that the coefficients used in 

the prediction models are applicable to a wide range 

of material properties and test parameters. The 

platform presented in this paper can also be extended 

for predicting other properties of ECC and different 

cement-based materials. 
 

Concluding Remarks 
 
A first generation of virtual platform has been 
presented and verified against the full analytical 
framework developed earlier by the first author. 
Whilst the original framework can predict the full 
load-deflection response of a prismatic specimen 
under four-point flexure, it requires the use of an 
Excel spreadsheet which may not be readily available 
to technical staff alike. A very simple, user-friendly 
virtual environment is therefore developed in this 
work and made freely accessible at https://ecc-calcu-
lator.netlify.app/ 
 

It has been shown that using the new virtual envi-
ronment, the tensile strain capacity and tensile 
strength of ECC can be estimated based on the peak 
load and deflection obtained from a four-point bend-
ing test (i.e. peak load and deflection) with ease, 
without the need of performing any intermediate 
calculations. This will have obvious practical impica-
tions, with the plaform lending itself to the Civil 
Engineering and construction materials testing 
laboratories. 
 
It is envisaged that the virtual platform presented in 
this paper could, potentially, be further exploited in 
the following manner: 
(1) at the material design stage to examine the effect 

of modification in mix composition; 
(2) in a pre-qualification testing programme to check, 

for example, the influence of material variability 

and substitute; 
(3) in the development of a new test configuration to 

advise the range of load and deflection values; 
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(4) an educational tool to develop a fuller under-

standing of the relationship between flexural and 

tensile properties of ECC; 

(5) in a quality control test programme to ensure that 

the ECC mix, as produced, is substantially the 

same as the pre-qualified mix; and 

(6) as a simple tool to help the development of a 

standarised test method. 
 

It is yearned that the virtual environment can help in 
the development of a standarised test method that 
could one day become as widely well accepted as the 
cube/cylinder test currently is for ordinary concrete. 

Finally, it is noteworthy that it is not the intention of 
the authors to completely replace the direct/unixial 
tensile test, but rather to accompany it. The virtual 
test environment could be used alongside with four-
point flexural test for day-to-day testing, with unia-
xial tensile test validating test results periodically. 
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