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 
Abstract: High performance concrete (HPC) has been used 

widely for many applications such as high-rise building, highway 
bridges, tunnels, ect. Although up to the present time there are 
many recommendations and guidelines issued from research 
institution on the method how to achieve HPC mix proportion, 
around the world engineers often spent a lot of time to do 
preliminary experimental tests in order to select the optimal mix 
especially when dealing with tailored-made HPC. This paper 
presents an innovative visual interactive analysis method (VIAM) 
with the application of parameter space investigation, which helps 
engineer efficiently in automation and process control of 
proportioning HPC mix. Component content of tailored-made 
HPC is considered as a solution of a mathematical model with six 
objective functions controlling by ten constraints and seven 
parameters. Indeed, VIAM has played an important role in 
successfully determining 18 Pareto optimal solutions of this 
complex model for three particular scenarios set by engineers. 
 

Keywords: Automation and process control, High performance 
concrete, Mix proportion, Multi-objective optimization, Visual 
interactive analysis method, VIAM.  

I. INTRODUCTION 

Over the years, concrete has been used for building 
construction widely, whether in moderate aggressive 
environments, or in strongly aggressive environments. It is 
attributed to the fact that it possesses excellent water 
resistance, can be moulded into any shapes, and for being 
cheaper and more easily available in the field [1,2]. To 
illustrate such statement, it is estimated that more than 20 
billion tonnes of Portland cement concrete is produced 
annually making it the world’s most widely used 

manufactured material [3]. On the other hand, due to the 
recent trends in construction industries (i.e., increased 
number of heavily reinforced concrete structures), 
construction of large and taller structures, the industries and 
companies in general strive to cast massive volume of 
concrete. 
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When this large volume of concrete is used for 
construction, the safety and durability of cast concrete 
become fundamental issues [4,5]. To ensure these issues, 
much effort has been focused on the developments of high 
performance concrete (HPC) [6].  

Tailored-made HPC is designed to give optimized 
performance characteristics for a given set of materials, 
usage, and exposure conditions, consistent with strength, 
workability, service life, and durability. Around the world, 
engineers are finding that using HPC allows them to build 
more serviceable structures at comparable cost. HPC is being 
used for structures in severe environments: marine structures, 
highway bridges and viaducts, tunnels, etc. [7,8]. The major 
difference between conventional concrete and HPC is 
essentially the use of chemical and mineral admixtures. The 
use of chemical admixtures reduces the water content, 
thereby at the same time reduces the porosity within the 
hydrated cement paste. While, mineral admixtures, also 
called as cement replacement materials, act as pozzolanic 
materials as well as fine fillers; thereby, the microstructure of 
hardened cement matrix becomes denser and stronger. Thus, 
the combined use of superplasticizer and cement replacement 
materials can lead to economical HPC with enhanced 
strength, workability, and durability [9].  

To obtain the special combinations of performance, 
uniformity requirements and reasonable cost of 1m3, at 
present engineers have mainly to use guidelines and 
recommendations issued from official research institution 
and carry out many preliminary tests.  

The most important step is a process control in which 
engineers have to select the optimal mix that suits properly 
the technical requirements. To do that several authors have 
attempted to use advanced optimization methods such as 
genetic algorithm [10], artificial neural networks [11,12], 
and/or multi-objective optimization [13], in which only two 
criteria including chlorine ion diffusion coefficient and 
concrete cost were considered.  

However, in order to achieve tailored-made HPC, several 
criteria such as the amounts of costly components like 
cement, fly ash, slag and, chemical admixtures need to be 
involved when proportioning HPC mix [14-16].  

As a result of that, an innovative visual interactive analysis 
method (VIAM) with application of parameter space 
investigation is proposed to deal with automation and process 
control in this paper. 
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II.  PROBLEM STATEMENT 

In this work, HPC consists of six constituent materials 
such as Portland cement, fly ash, slag, sand, stone, chemical 
admixtures, and water. Hence, a mathematical model is 
developed for optimizing HPC mix. It includes 7 control 
parameters (x1 - x7). Symbols, meaning, units and admissible 
values of these parameters are given in Table I.  
With every vector    1 2 7, , ,x x xx K of these 7 parameters, 

it needs to define 10 functional constraints vector

   1 2 10, , ,f x ff K . Functions, expressions, type of 

constraints, and their meaning are described in Table II. If 
only one of those 10 functional constraints  if x , i = 1…10 

does not comply with the requirement, parameter vector will 
be considered invalid, and it needs to find for another valid 
vector. Any vector, which “passes” through those 10 

functional constraints, will be used for determining 6 
function values    1 2 6, , ,   Φ K , which is a goal of 

HPC mix proportion. Criteria or objective functions, 
optimization tendency (MIN or MAX), expressions, and 
meaning of criteria are included in Table III. 

Table- I: Control parameters and their ranges  
Control parameter Constituent material  Units Initial lower admissible value Initial upper admissible value 

x1 Portland cement kg/m3 300 500 
x2 Water kg/m3 130 210 
x3 Fly ash kg/m3 45 155 
x4 Fine slag kg/m3 60 200 
x5 Sand kg/m3 500 1000 
x6 Stone kg/m3 900 1400 
x7 Chemical admixtures kg/m3 2.5 12 

 
Table- II: Functional constraints  

Function Expression 
Type of 

constraint 
Meaning 

f1 
2

1 3 4

0.2
x

x x x
 

 
 ≤ 0 

The range of water to binder ratio 

f2 
2

1 3 4

0.4
x

x x x


 
 ≤ 0 

f3 
5

5 6

0.35
x

x x
 


 ≤ 0 The range of sand ratio, which is the ratio of the 

amount of sand to the amount of overall 
aggregates 

f4 
5

5 6

0.4
x

x x



 ≤ 0 

f5  1 3 4450 x x x    ≤ 0 The range of the amount of cementitious material 
including cement, fly ash and slag. f6 1 3 4 600x x x    ≤ 0 

f7 
7

1 3 4

0.01
x

x x x
 

 
 ≤ 0 Superplasticizer is used to improve the 

workability and micro-structure of concrete. 
These are its ratio to cement 

f8 
7

1 3 4

0.02
x

x x x


 
 ≤ 0 

f9 
7

1

990i

i i

x



   = 0 
The volume of concrete mixture is made up of the 
absolute volume of each constituent material and 
the volume of the air captured in the mixture 

f10 
1 3 4

, ,
2

0.304 0.62c ce k cu k

x x x
f f t

x
 

  
    

 
  ≤ 0 

The strength of concrete, which is affected by 
various factors, is the most important parameter 
in concrete design 

Where, ρi (i = 1..7) represents the density of each ingredient 
(ton/m3): ρ1 = 3.11; ρ2 = 1; ρ3 = 2.11; ρ4 = 2.45; ρ5 = 2.61; ρ6 
= 2.76; ρ7 = 1.08. λc is the affluence coefficient of the 
strength class of concrete. It should be determined according 
to statistics and in general cases it can be 1.13; fce,k represents 
the grading strength of cement and fce,k = 60;  fcu,k is the 

standard value of compressive strength of concrete and fcu,k = 
68; t is the degree of probability and t = –1.64; σ is the 
standard deviation of concrete strength. It is determined 
according to the national standard code for acceptance of 
constructional quality of concrete structure and σ = 5.  
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Table- III: Performance criteria or objective functions  
Criteria Expression Meaning 

Ф1  

MIN 

 

     

2
1 3 4

1 3 4

3 4

1 3 4 1 3 4

2 3

1 3 4 1

5.760 5.81 0.45 0.2 0.567 425 175 1.323

0.74 100 22.5 22.5 2.117 100 35 35

0.45

2.78 0.472 0.254 0.286 0.368 1 1.171
0.2

x
x x x

x x x

x x
x x x x x x

x x
x x x x

  
          

   

   
          

      


 

         3 4

2

2 3

1 3 4 1 3 4

6

100 22.5

22.5

0.45 100 22.5

2.891 0.472 1.053 0.472
0.2 22.5

365 24 3600 10

x x

x x

x x x x x x

 
 


       

      
 
  

  

  

Chlorine ion diffusion 
coefficient on the 28th 
day for concrete without 
micro silica under a 
molding temperature of 
21 Celsius degree, m2/s 

Ф2  

MIN 
 

7

1
i i

i

y x


   
Per cubic meter cost, 
(cu/m3) 

Ф3  

MIN 
x1 

Amount of Portland 
cement per cubic meter, 
kg/m3 

Ф4  

MIN 
x3 

Amount of Fly ash per 
cubic meter, kg/m3 

Ф5  

MIN 
x4 

Amount of Fine slag per 
cubic meter, kg/m3 

Ф6  

MIN 
x7 

Amount of Chemical 
Admixtures per cubic 
meter, kg/m3 

Where yi (i = 1…7) the unit price of each component (currency unit/kg), taking into account that currency is the one of the local 
country-Vietnam, where the research is taken place: y1 = 1500; y2 = 12; y3 = 550; y4 = 5050; y5 = 118; y6 = 135; y7 = 21000. 
  

The second approach is prone to determine optimization 
solution in “one-way” manner. It means that after setting a 
model based on the certain algorithms, the obtained solutions 
correspond to the fixed function value. Although, they could 
be Pareto optimal solutions, they might not comply with the 
requirements. Let’s consider a simple example such as for an 
obtained solution   (with  - a vector with N parameters of a 
Pareto optimal solution,  - function value i, i = 1..M derived 
from Pareto solution, M is a number of functions), a 
single-objective function  might have a very good value and it 
excels the expectation (j = 1..M), but the another function   
might have yield a bad value and it does not comply with the 
engineer’s requirement (k = 1..M, k ≠ j). Thus, though in this 
case the solution is Pareto solution, it might not be used for 
optimizing HPC mix.  

Therefore, VIAM is proposed to deal with the existing 
drawbacks in solving the multi-objective optimization 
problem in general and in particular for proportioning HPC 
mix [18]. The main idea of this method includes: i) set up an 
interactive panel, containing the domain function values, 
which complies with all constraints; ii) based on the current 
circumstance and determined production demand, it needs to 
define the threshold values of these functions (the threshold is 
within the domain value in the interactive panel); iii) the final 
step is to define the parameter vectors in compliance with the 
threshold values. 

In practice, there are several ways to set an interactive 
panel, and indeed VIAM with a single-objective optimization 
technique was used in the latest studies of the authors [16]. 

Although this technique results in valid solutions, it does not 
consider the correlation between parameter and function. 
Besides, an application of a single-objective optimization 
techniques within VIAM might cause difficulties of 
determining global solutions, because most of them need to 
have good initial points. Due to this, VIAM with an 
application of parameter space investigation (PSI), as shown 
in Fig 1, is used in this work for dealing with multi-objective 
optimization problem. In fact, PSI approach, developed by 
Statnikov [17, 19-23], is used for HPC as follows: first, it 
needs to build a model of HPC mix proportion {1}, including 
objects such as parameters, functions and constraints which 
ensures technical requirements of HPC. Next, it has to fill 
N-dimensional space of parameters with a huge amount of 
test point vector by using uniformly distributed sequences 
{2}, like LPtau. Then, it defines function values to check 
every constraint {3}. Like “a filter”, invalid values are 

abolished, and only valid vectors are left and they will be 
placed into the interactive panel {4}. For the vectors passing 
through the filter, it needs to define function values and place 
them with a diminishing order from the top to the bottom (On 
top there are best values, like the minimum value   of function 
i, at the bottom there are least values, like the maximum value   
of function i). With this interactive panel, engineer are able to 
determine a threshold value   for every function, as they are 
highlighted in the panel {4} – Fig 1. Complying with the 
threshold value, the solution will go inside a “desired area” in 

the M-dimensional space {5}. 

https://www.openaccess.nl/en/open-publications
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




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 2
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Fig. 1. Parameter space investigation approach within VIAM 

 
However, it is noteworthy that in many cases there are few 

valid solutions or even not exists. The aim of filling 
parameter space is to investigate the global circumstance, but 
with a limited number of test points {1}, it is occasionally 
impossible to find valid solution. PSI approach focuses on 
uniformly distributed sequences LPtau that frequently fix the 
position of test points in the parameter space, thus in order to 
increase the possibility to be closer to the “desired area” there 

is no alternative rather than augmenting a number of test 
points. Besides, according to algorithm feature of sequence 
LPtau, the test points are quite far from the marginal values.   

Fig 2a shows that there are few test points being at 
margins. In addition, test point position created by the 
sequence LPtau in Sobol’s algorithm is always fixed at each 

initialization [1-2]. Thus, the distribution image (Fig 2a) is 
unchangeable with a determined amount of test points. This 
is considered to be a major disadvantage for mathematical 
problems, in which the solution lies at the boundary. Since 
for the random uniformly distributed sequences like 
Windows, Halton the position of test points in parameter 
space is not fixed at each initialization, the multiple use of 
this sequence can deal with the mentioned issue in the 
sequence LPtau. While looking into Fig 2b at the boundary, it 
is seen that there are more solutions at the sequence Windows 
in comparison with the sequence LPtau. Moreover, the 
solution distribution rule of the sequence Windows changes 
constantly that allows for testing and storing calculation 
results many times with not so many test points, that it is 
possible to obtain valid solutions. In other words, for 
instance, in order to fill the parameter space according to the 
sequence LPtau, it needs to fill it with a huge amount of test 
points (≈ 2

17 ≈ 130 000), while within the same parameter 

space in accordance with the sequences Windows, Halton it 
is possible to fill it up to 10 times. Every time with 
approximately 13 000 test points could result in the 
equivalent filling efficiency, besides calculation and data 
acquisition of test points according to the random sequences 
might be carried out conveniently and less time-consuming. 

 

 
Therefore, in this work the authors propose space-filling 

techniques with several methods for dealing with scenarios of 
solution non-existence, as follows: 

• Increase amount of point to fill the space; 
• Alter the uniformly distributed sequences (LPtau, 

Windows, Halton); 
• Alter the mathematical model itself such as boundary 

contour of parameter, constraints and criteria; 
• Step by step with a gradual analysis and determine 

accurately valid solution domain by resolve the problem 
repeatedly while adjusting the mathematical model.  

Next section presents a detailed process of determining 
solution for selecting optimal HPC mix. 

III. RESULTS AND DISCUSSION 

Based on the VIAM algorithm with filling parameter 
space, the calculation is presented as follows:  
Step 1: Determine an initial valid domain complying with the 
functional constraints  

It is necessary to fill the space of 7 parameters with 216 = 
65 536 test point vectors of the uniformly distributed 
sequence LPtau. Based on this, it is possible to determine the 
values of 10 functional constraints fi (i = 1..10), nevertheless 
none of those vectors passes through the filter of these 10 
functional constraints  and goes into the interactive panel. 
Next, the other 90000 test point vectors of uniformly 
distributed sequence Windows are evaluated under the 10 
functional constraints. But, there is still no valid solution. At 
this point, it needs to analyze the constraints, which are not 
suitable, that causes an exclusion of initial test point vectors 
for both of calculations (65 536 + 90 000 = 155 536). The 
numbers of test point vectors infringe upon each constraint 
and the closest values to the constraint condition that can be 
achieved for each constraint are included in Table IV. 
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a) 

        
b) 

Fig. 2. a) Fixed uniformly distributed sequence LPtau of 2 
parameters with 1024 test points; b) Windows random 
uniformly distributed sequence of 2 parameters with 

1024 test points 
Table IV shows that the first nine constraints are not 

satisfactory, i.e. there is no valid solution going into the 
interactive panel.  As a matter of fact, a significant increase of 
test point can be done, however this does not provide a way to 
determine the required amount in the general case, it means 
that the search time is uncontrollable. Herein, it might need to 
change the mathematical model, or namely the threshold 
value of the constraint conditions. According to Table IV, a 
significant infringement occurs at the constraints 3 and 4, 
though the obtained value is still close to zero, thus it decides 
to modify these two constraints such as f3 ≤ 10

–4 and f4 ≤ 10
–4. 

While, a moderate infringement occurs at the constraints 1, 2, 
5, 7, 8, and similarly the value is close to zero, hence 
preliminarily these constraints would be: f1 ≤ 10

–5, f2 ≤ 10
–5, 

f5 ≤ 10
–5, f7 ≤ 10

–5, f8 ≤ 10
–5. Besides, the constraint f9, which 

implies a constant design concrete volume of 1m3 or 1000 
litre, rarely occurs since after 155 536 test points the closest 
value is 0.021 instead of zero. Thus, it has to modify this 
constraint such as f9 = ±1, i.e. the total design concrete 
volume (1000 litre) can be varied in the range of 1 litre. 

 
Table- IV: List of test point vectors violating against the 

constraint condition  

Constraint 

Unsatisfied 
test point 

vector 
[LPtau] 

+[Sequence 
Windows] 

The closest values 
to the constraint 

condition  
[LPtau] /[ 
Sequence 
Windows] 

Percentage 
of 

solutions 
infringing 
upon the 
constraint  

f1 ≤ 0 3711 + 
5020 = 8 

731 

2.66E-06/4.79E-07 5.61% 

f2 ≤ 0 906 + 1313 
= 2219 

5.40E-05/3.12E-05 1.43% 

f3 ≤ 0 14569 + 
19931 = 
34500 

3.94E-07/1.37E-06 22.18% 

f4 ≤ 0 28437 + 
39303 = 
67740 

1.15E-06/6.56E-06 43.55% 

f5 ≤ 0 57 + 82 = 
139 

3.14E-01/5.22E-01 0.09% 

f6 ≤ 0 11237 + 
15363 = 
26600 

9.16E-04/1.64E-02 17.1% 

f7 ≤ 0 2085 + 
2882 = 
4967 

1.11E-06/1.49E-07 3.19% 

f8 ≤ 0 649 + 894 = 
1543 

3.78E-07/4.97E-07 1% 

f9 = 0 3885 + 
5212 = 
9097 

2.08E-02/4.87E-02 5.85% 

f10 ≤ 0 0 0/0 0% 
 
Once the modified model is resolved, with an initial 

parameter space filling of 3x215 test points within the 
sequence LPtau, there are 25 valid solutions, they pass 
through the filter and go directly into the interactive panel. 
However, they are still useless, because the constraint f9 was 
extended moderately. These solutions only imply that it is 
close to “valid domain”. In order to determine this domain, it 

needs to observe the solution distribution charts, which are 
presented in Fig. 3 – 9. 

 

 
Fig. 3. Distribution of valid solution in accordance with parameter x1 
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x1 ϵ [300;500] 
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Fig. 4. Distribution of valid solution in accordance with parameter x2 

 
Fig. 5. Distribution of valid solution in accordance with parameter x3 

 
Fig. 6. Distribution of valid solution in accordance with parameter x4 

 
Fig. 7. Distribution of valid solution in accordance with parameter x5 

 
Fig. 8. Distribution of valid solution in accordance with parameter x6 

 
Fig. 9. Distribution of valid solution in accordance with parameter x7 

 
In these charts, the defined domain of parameters is 

divided into 10 intervals; each of them presents a rectangular, 
on top of which there is a number indicating the amount of 
valid solutions (if available) that parameter value falls into. 
The violet hollow rectangle surrounding the rectangles 
represents the domain of valid solution for parameter. 

Looking into the parameter x1 in Fig. 3, the domain of valid 
solution is distributed in [300; 480], nevertheless in [420; 
460] there is no valid solution. Besides, most of valid 
solutions stay in the range of [300, 420],  
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thus it is acceptable to eliminate a single solution in [460; 
480]. If the space is extended up to 480, solution search at the 
further step could be complicated and inefficient, because 
beyond 420 there are a few solutions available. Therefore, 

based on these 7 charts (Fig. 3 - 9), a new domain of 
parameter is obtained and included in Table V. 

 

 
Table- V: New domain of parameters – 1st modification  

x1 Î x2 Î x3 Î x4 Î x5 Î x6 Î x7 Î 
[300;420] [130;180] [45;155] [60;200] [550;750] [950;1200] [4.75;11.4] 
 
With the new domain, the process carries on by filling the 

space with 3x214 test point vectors of the uniformly 
distributed sequence LPtau. At this point, there are 192 valid 
solutions. All of them belong to the 10 intervals of the 
distribution charts, thus it has not to modify the domain. But, 
at this time it needs to squeeze again the ninth constraint. It 
recommends that the admissible value f9 = ±0.02 (i.e. in 
practice there is a deviation of 2% in terms of concrete 
volume due to air entrainment in mixing process). 

On the other hand, using the uniformly distributed 
sequence Windows with 80000 test points, there are only 4 
valid solutions, the distribution charts of these solution are 

similar to those presented in Fig. 3 - 9. Based on this, it is 
possible to modify the domain of parameters for the second 
time, and a new domain of parameter is included in Table VI. 
At this time, it has to fill the parameter space in Table VI with 
3x215 test points by using the sequence LPtau. Thus, there are 
40 valid solutions in compliance with 10 functional 
constraints. After computing the function values, they are 
included in the interactive panel, as shown in Table VII and 
Table VIII. 

 
 

 
Table- VI: New domain of parameters – 2nd modification  

x1  x2  x3  x4  x5  x6  x7  
[300;360] [130;165] [45;110] [70;170] [620;700] [975;1200] [4.75;9.975] 

 
Step 2: Setting the interactive panel and determination of 
threshold values for the function 

In the interactive tables (Table VII – Table VIII), the 
function of every test point parameter vector is analyzed and 
set in ascending order from top to bottom. Based on this, it is 
able to know the domain value of function, from which it is 
possible to establish the admissible “threshold”. In the table, 
these thresholds are vectors and the corresponding values are 
highlighted: yellow, red and green colors refer to the 
threshold values for the criteria in the scenarios 1, 2 and 3, 
respectively. In addition, vectors #42617 and #52220 
(highlighted in 2 colors) and vector #95759 (highlighted in 3 
colors) are set as the threshold values in two and three 
scenarios respectively. 

1) Scenario 1: Assumed that the first priority is cost of 1m3 
high performance concrete (HPC), and according to market 
survey that the cost function Ф2 should not be greater than 1.3 
mil. VND per cubic meter at local place (Vietnam). In order 
to achieve that, from technical point of view it has to 

minimize cement content in 1m3 HPC, because it effects 
highly on the cost.  Thus, the function Ф3 of cement content 

is set as the second place based on importance grade, and it 
should not excel the threshold value of 400 kg/m3. Next, HPC 
durability is represented by the function Ф1 - chlorine ion 
diffusion coefficient on the 28th day – is the third priority, and 
its value would not be greater than 4.5 x 10-13 m2/s. While, the 
function Ф5 (amount of fine slag per 1m3 HPC) and Ф4 
(amount of fly ash per 1m3 HPC) follow after the function Ф1 
in order to improve concrete strength as they make concrete 
matrix denser [9]. In theory, the amount of mineral 
admixtures (fine slag and fly ash) also affects HPC cost and it 
also needs to be minimized as same as cement content, 
because their percentage is correlated closely to the cement 
content owing on chemical reaction during hydration 
process. Thus, it recommends that the threshold values for 
these functions that: Ф5 -> MIN ≤ 100 kg/m

3 and Ф4 -> MIN 
≤ 100 kg/m

3.  
 

 
Table- VII: Short version of interactive panel of 40 valid vector with function Ф1 ÷ Ф3   
Function Ф1 Function Ф2 Function Ф3 

Vector Value Ф1 Vector Value Ф2 Vector Value Ф3 
#64666 1.49825E-14 #38772 1262428.5 #90240 300.2403259 
#97433 4.17022E-14 #25193 1278677.625 #95760 301.9761658 
#95759 4.23573E-14 #42617 1315916.25 #10512 302.010498 

••• ••• ••• ••• ••• ••• 
#21589 1.77858E-13 #33084 1376642.75 #77772 312.1769714 
#17891 2.0504E-13 #21589 1426249.875 #24604 313.1304932 
#51774 2.12792E-13 ••• ••• #71836 313.3818054 

••• ••• ••• ••• ••• ••• 
#25193 4.25888E-13 #95759 1766834 #30223 356.350708 
#42617 4.58956E-13 #67875 1793932.25 #95759 356.3511658 
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Table- VIII: Short version of interactive panel of 40 valid vector with function Ф4 ÷ Ф6   
Function Ф4 Function Ф5 Function Ф6 

Vector Value Ф4 Vector Value Ф5 Vector Value Ф6 
#42617 47.264328 #30223 70.65002441 #42617 5.159239769 

••• ••• ••• ••• ••• ••• 
#24949 57.77664185 #94858 99.6043396 #63593 7.286520004 
#46670 58.20610046 ••• ••• #77733 7.413884163 
#94858 62.26016998 #10512 139.6228027 #52220 7.955909252 

••• ••• #63593 141.3851929 #11755 8.176035881 
#50022 101.4554596 #27462 141.6583252 #29771 8.254647255 

••• ••• ••• ••• ••• ••• 
#66234 109.9370193 #71622 166.3554382 #30223 9.91297245 

 
Table- IX: Scenario 1   

Ф2  Ф3  Ф1  Ф5  Ф4  Ф6 ■ 
1.3 x 106 400 4.5 x 10-13 100 100 8 

 
Eventually, the amount of costly chemical admixture per 

1m3 HPC or function Ф6 also needs to be optimized, and 
technically it should be smaller than 8 kg/m3, unless it would 
work inefficiently. Therefore, importance order and initial 
thresholds of function need to be achieved are presented in 
Table IX. 

With this particular requirement, the corresponding 
threshold values of the function (Table VII - Table VIII) are 
determined. The vector, at which there is the closest value to 
the threshold value, is highlighted with yellow color. For 
instance, a vector #42617 is opted for the condition Ф2  
MIN ≤ 1.3 x 10

6 and [Ф2] = 1315916.25; for the condition Ф3 
 MIN ≤ 400, vector #95759 - [Ф3] = 356.3511658; Ф1  
MIN ≤ 4.5 x 10

-13, vector #42617 - [Ф1] = 4.58956E-13; Ф5 
 MIN ≤ 100, vector #94858 - [Ф5] = 99.6043396; Ф4  
MIN ≤ 100, vector #50022 - [Ф4] = 101.4554596; and Ф6  
MIN ≤ 8, vector #52220 - [Ф6] = 7.955909252. The function 
value of these vectors might be slightly greater than the 
recommended threshold value, though they are still 
acceptable, while other functions have values moderately 
smaller than the corresponding threshold values.  

After setting the threshold values, from initial 40 test point 
vectors there are only 2 valid vectors, #42617 and #25193, 
they are also Pareto optimal solutions.  However, in order to 
analyze more thoroughly and determine more valid solutions, 
it continues to set parameter space for searching. 
Step 3.1: Determine more Pareto optimal solutions for the 
scenario 1.  

Using valid solution distribution chart, it is possible to 
obtain new domain of parameters for two solutions #42617 
and #25193, which are given in Table X. 

Filling the space with 216 test point with the uniformly 
distributed sequence LPtau, though it needs to make the 
requirements slightly stricter in comparison with those 
mentioned above such as: Ф1  MIN ≤ 4E-13; Ф2 MIN ≤ 

1.3E6; Ф3 MIN ≤ 342; Ф4 MIN ≤ 72; Ф5 MIN ≤ 90; 

Ф6 MIN ≤ 6.3. Doing so, there are 4 Pareto optimal 

solutions more for this scenario. The function values are 
provided in Table XI, and parameter values are in Table XII. 

2) Scenario 2: Assumed that, the engineer focuses on three 
most important functions, which are chlorine ion diffusion 
coefficient on the 28th day (Ф1), cost of 1m3 HPC (Ф2), 
amount of cement per 1m3 HPC (Ф3), and they have similar 
importance grade. Besides, it definitely does not desire to 
diminish the threshold values of these three functions, which 
are given in Table XIII. While, the other functions at this 
circumstance might have arbitrary values. 

Under this scenario, the corresponding threshold values of 
the function are determined. These values are highlighted 
with red color at the vectors with the closest values. A vector 
#21589 is opted for the condition Ф1  MIN ≤ 1.8 x 10

-13 and 
[Ф1] = 1.77858E-13; Ф2  MIN ≤ 1.3 x 106, vector #42617 - 
[Ф2] = 1315916.25; Ф3  MIN ≤ 400, vector #95759 - [Ф3] = 
356.3511658. The other functions are neglected; i.e. they can 
be least values in Table VII – Table VIII. However, after 
setting the threshold values for three abovementioned 
functions in those tables there is no valid vector. This does 
not mean that in the whole parameter space there is no any 
valid solutions, the problem here is how to find them. Even 
though, the number of test points increases from 3x215 up to 
217 = 131072, there is still no satisfied solutions. Table VII 
shows that the least value of function 3 (356.35) is even better 
than the limit value (390), this means that solution 
nonexistence is due to the inconsistency between the first two 
functions Ф1 and Ф2. Here, it needs to extend the threshold of 
one of those functions, even both of them, in order to 
determine at least three valid solutions which are the closest 
one to the limits set in Table XIII- Table XIV. 

 
 

Table- X: New domain of parameters – modification at step 3.1   
x1  x2  x3  x4  x5  x6  x7 █ 

[330; 342] [150.5; 161] [45; 71.5] [70; 90] [640; 696] [1080; 1147.5] [4.75; 6.27] 
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Table- XI: Function values of 4 Pareto optimal solutions at step 3.1   
Vector Ф1  MIN Ф2  MIN Ф3  MIN Ф4  MIN Ф5  MIN Ф6  MIN 
Min: 3.57E-13 1.28E+06 3.34E+02 6.41E+01 7.60E+01 5.02E+00 
Max: 3.99E-13 1.30E+06 3.39E+02 6.78E+01 8.36E+01 6.00E+00 

#13101 3.81E-13 1.29E+06 3.38E+02 6.41E+01 7.87E+01 5.46E+00 
#31630 3.57E-13 1.30E+06 3.35E+02 6.78E+01 8.36E+01 5.02E+00 
#56451 3.99E-13 1.28E+06 3.39E+02 6.55E+01 7.60E+01 5.68E+00 
#62298 3.95E-13 1.30E+06 3.34E+02 6.67E+01 7.95E+01 6.00E+00 

Table- XII: Parameter values of 4 Pareto optimal solutions at step 3.1   
Vector x1 x2 x3 x4 x5 x6 x7 
Min: 3.34E+02 1.51E+02 6.41E+01 7.60E+01 6.41E+02 1.08E+03 5.02E+00 
Max: 3.39E+02 1.53E+02 6.78E+01 8.36E+01 6.93E+02 1.14E+03 6.00E+00 

#13101 338.474 151.485 64.109 78.653 646.135 1140.088 5.464 
#31630 335.338 152.525 67.803 83.631 664.191 1111.713 5.015 
#56451 339.058 152.573 65.509 76.041 641.204 1142.312 5.677 
#62298 334.257 153.261 66.740 79.516 692.846 1083.905 6.001 

Table- XIII: Scenario 2 
 [Ф1] [Ф2] [Ф3] 

1.8 x 10-13 1.3 x 106 390 
 
 - If setting [Ф1] = 1.77858E-13 and  [Ф2] = 1480537.125 

(yellow-highlighted in Table XIV), there are 3 valid solutions 
such as  #21589, #97627, #26225 in accordance with the 
function 1. It is named as direction 2.a. 

- If setting [Ф1] = 4.58956E-13 and [Ф2] = 1315916.25 
(green-highlighted in Table XIV), there are 3 valid solutions 
such as #42617, #38772, #25193 in accordance with function 
2. It is named as direction 2.b. 

- If setting [Ф1] = 2.57721E-13 and [Ф2] = 1376642.75 
(blue-highlighted in Table XIV), there are 3 valid solutions 
such as #17891, #33084, #95760 in accordance with 
functions 1 and 2. It is named as direction 2.c. 

However, after examining the distribution of the solutions 
according to those directions, the image shows that their 
distribution spread out, i.e. surveying each direction 
separately will not be different from the combination of all 3 
directions. Thus, it is possible to take all 3 directions into 
consideration to set threshold value (violet-highlighted in 
Table XIV). Doing so, there are 10 valid solutions, and based 
on distribution charts a new domain of parameters is obtained 
as shown in Table XV. The only is that at the right limit of the 

parameter x3 there are 2 solutions, it means that there might 
be more valid solutions. Thus, it is decided to extend the 
parameter domain as same as initial one [45; 155]. 
Step 3.2: Determine more Pareto solutions in Scenario 2.  

In the new space, it needs to fill up with 100,000 points in 
evenly distributed sequence of Windows. Only 77 vectors 
pass through functional constraints and go into the test table. 
After resetting the threshold value for the first 3 function in 
Table XIII, there are 2 satisfied solutions #43219 and 
#28150, as shown in Table XVI, which are both Pareto 
solutions. It is observed that these solutions are better than 4 
solutions in scenario 1 at the first 5 functions. This is 
reasonable because at scenario 2 the effort is to optimize the 
first 3 functions, hence one of the rest functions might obtain 
the least value. 

3) Scenario 3: Here, the threshold value is set for all of 
functions, as shown in Table XVII. It has to determine a valid 
vector for all of functions simultaneously. 

 
 

 
Table- XIV: Short interactive panel of 40 valid vector with values of functions Ф1 ÷ Ф2   

Function Ф1 Function Ф2 
Vector Value Ф1 Vector Value Ф2 

••• ••• #38772 1262428.5 
#21589 1.77858E-13 #25193 1278677.625 
#17891 2.0504E-13 #42617 1315916.25 

••• ••• ••• ••• 
#33084 2.45384E-13 #33084 1376642.75 
#24604 2.57511E-13 #21589 1426249.875 
#95760 2.57721E-13 #94858 1435086.5 

••• ••• ••• ••• 
#80138 3.09363E-13 #97627 1480537.125 

••• ••• #87753 1482874.375 
#42617 4.58956E-13 ••• ••• 
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Table- XV: New domain of parameters – modification at step 3.2   
x1  x2  x3  x4  x5  x6  x7 █ 

[300;348] [140;164.5] [45;155] [70;120] [620;690] [1012.5;1147.5] [5;7.837] 
 
It is seen the condition of functions Ф2, Ф4, Ф5 is not as 

strict as that in scenario 1, except for the functions Ф1. To 
deal with this, it has to look into the interactive panel Table 
VII-VIII, here it decides that the chlorine ion diffusion 
coefficient on the 28th day (Ф1) needs to be minimized, and 
for the worst case, its magnitude should not be greater than 
2.0504E-13 (corresponding to test vector #17891); cost of 
1m3 concrete (Ф2) should not be more than 1426249.875 cu 
(corresponding to test vector #21589). Next, the functions Ф3 
(cement content) and Ф4 (fly ash content) are intentionally 
satisfactory, thus their magnitudes are set as minimum in the 
threshold. Finally, the functions Ф5 (slag content) and Ф6 

(admixture content) need to be minimized and their 
magnitudes should not be greater than 139.6228027 (#10512) 
and 7.955909252 (#52220) respectively. Doing so, from 40 
vectors in Table VII - Table VIII only #21589 and #17891 are 
left, they are Pareto optimal solutions. However, in order to 
examine more closely and find more solutions to help 
engineer evaluate the domain of function values, it need to 
shrink the parameter space to search. 
Step 3.3: Determine more Pareto solutions in Scenario 3.  

By using solution distribution chart, it is possible to obtain 
new domain of parameters around solutions #21589 and 
#17891, as shown in Table XVIII. 

 
Table- XVI: Pareto optimal solutions in scenario 2   

Vector i 1 2 3 4 5 6 7 

#43219 
xi 319.492 142.720 138.644 74.692 660.436 1070.693 6.451 
Фi 1.38E-13 1.29E+06 3.19E+02 1.39E+02 7.47E+01 6.45E+00 – 

#28150 
xi 308.878 145.840 138.427 76.143 643.135 1086.826 7.039 
Фi 1.71E-13 1.30E+06 3.09E+02 1.38E+02 7.61E+01 7.04E+00 – 

 
Table- XVII: Scenario 2   

[Ф1] [Ф2] [Ф3] [Ф4] [Ф5] [Ф6] 
2 x 10-13 1.4 x 106 400 110 140 8 

 
Table- XVIII: New domain of parameters – modification at step 3.3   

 [336;348] [140;151] [71.5;91] [80;110] [656;696] [1035;1147.5] [4.75;7.315] 
 
By filling the space with 90 000 test points by Windows 

sequence and applying conditions as follows: Ф1  MIN ≤ 

2E-13; Ф2  MIN ≤ 1.4E6; Ф3  MIN ≤ 400; Ф4  MIN ≤ 

110; Ф5  MIN ≤ 140; Ф6  MIN ≤ 8, at this step there are 

10 Pareto optimal solutions together with #21589 and #17891 

at the step 3.2, in total there are 12 valid solutions. Their 
function values and parameter magnitudes are tabulated in 
Table XIX and Table XX respectively. On the basis of these 
solutions, engineer can select one of them to make HPC mix 
with criteria set in Table XVII above. 

Table- XIX: Function values of 12 Pareto optimal solution in scenario 3   

Vector Ф1  MIN Ф2  MIN Ф3  MIN Ф4  MIN Ф5  MIN Ф6  MIN 

Min: 1.56E-13 1.35E+06 3.37E+02 7.35E+01 8.19E+01 5.24E+00 

Max: 2.05E-13 1.43E+06 3.48E+02 9.04E+01 1.06E+02 7.11E+00 

#17891 (Step 2) 2.05E-13 1.36E+06 3.47E+02 8.23E+01 8.19E+01 7.11E+00 

#21589 (Step 2) 1.78E-13 1.43E+06 3.40E+02 7.96E+01 1.06E+02 5.45E+00 

#3351 1.56E-13 1.39E+06 3.40E+02 9.04E+01 9.60E+01 5.54E+00 

#21629 1.95E-13 1.39E+06 3.45E+02 7.50E+01 9.71E+01 5.30E+00 

#26522 1.87E-13 1.39E+06 3.42E+02 7.89E+01 9.51E+01 5.83E+00 

#28684 1.94E-13 1.38E+06 3.45E+02 8.20E+01 9.01E+01 6.61E+00 

#56021 1.94E-13 1.35E+06 3.37E+02 8.45E+01 8.64E+01 6.30E+00 

#56394 1.99E-13 1.39E+06 3.42E+02 7.69E+01 9.42E+01 6.29E+00 

#60029 1.87E-13 1.39E+06 3.46E+02 8.12E+01 9.18E+01 6.57E+00 

#63389 1.61E-13 1.39E+06 3.40E+02 8.91E+01 9.28E+01 6.23E+00 

#67933 1.77E-13 1.38E+06 3.38E+02 7.81E+01 9.68E+01 5.51E+00 

#75706 1.97E-13 1.37E+06 3.48E+02 7.35E+01 9.24E+01 5.24E+00 
 

Regarding multi-objective optimization model used for 
proportioning HPC mix, it is observed that the solution is 
always not unique, because it is a series of objective 
functions, and each of them has a different meaning from one 

to another engineer.  
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However, VIAM with an application of parameter space 
investigation allow for altering flexibly the constraints and 
requirements in the model, besides there is a possibility of 
analyzing on the outcomes among engineers of different 

background. Thus, the resultant solutions are not only a series 
of Pareto ones but also they meet the requirements of actual 
production. 

 
Table- XX: Parameter values of 12 Pareto optimal solution in scenario 3   

Vector x1 x2 x3 x4 x5 x6 x7 

Min: 3.37E+02 1.40E+02 7.35E+01 8.19E+01 6.57E+02 1.05E+03 5.24E+00 

Max: 3.48E+02 1.48E+02 9.04E+01 1.06E+02 6.95E+02 1.12E+03 7.11E+00 

#17891 (Step 2) 346.789 141.421 82.330 81.887 661.106 1113.050 7.110 

#21589 (Step 2) 339.882 147.569 79.640 105.507 688.284 1054.850 5.449 

#3351 339.760 142.796 90.403 95.971 663.614 1090.502 5.542 

#21629 344.963 144.970 75.018 97.055 660.785 1102.372 5.299 

#26522 342.030 143.397 78.920 95.057 695.309 1068.744 5.834 

#28684 345.161 143.784 81.987 90.133 680.972 1079.532 6.611 

#56021 337.245 140.463 84.516 86.358 656.924 1122.777 6.297 

#56394 341.983 143.829 76.854 94.206 672.212 1094.371 6.290 

#60029 346.380 143.756 81.237 91.787 686.636 1071.759 6.573 

#63389 339.789 141.462 89.097 92.801 694.859 1064.713 6.233 

#67933 338.134 141.188 78.059 96.784 668.436 1106.554 5.510 

#75706 347.811 142.682 73.495 92.443 672.705 1100.846 5.244 
 

IV. CONCLUSION 

By using VIAM with an application of PSI, after the 
solution search for three different production scenarios in 
automation and process control of proportioning HPC mix, 
there are 18 solutions available (four for scenario 1, two in 
scenario 2, and twelve in scenario 3). They are all Pareto 
solutions, allowing engineers to select the optimal mix in a 
certain circumstance. The problem can also be broadened 
with different parameters, constraints, and criteria when 
varying quantity and characteristics of the HPC components. 

Regarding an application of PSI technique, several aspects 
can be withdrawn: 

- A quantity of trial points: it is necessary to fill the 
parameter space with a relatively large number of points (≈ 

90000÷120000). 
- Uniformly distributed sequences: it is necessary to 

combine various uniformly distributed sequences 
simultaneously to maximize the advantages of each sequence 
in order to fill the parameter space compactly and to define 
valid solutions. 

- The statistical analysis of invalid constraints and 
objective functions, their close and distant values in 
comparison with the requirements, allowing engineers to 
determine quantitatively a satisfactory alteration level for a 
mathematical model including constraints, condition types, 
thresholds, and domain parameters. 

- A gradual alteration of the mathematical model and 
continuous re-solving allow engineers to achieve the valid 
domain effectively.  

Last but not least, VIAM can also be applied widely to 
automation and control in many other engineering areas.   
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