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Abstract 
 
The traditional approaches to determine the design flow rates of water supply system of 
buildings are empirical and probabilistic ones. In Brazil, the empirical formulations are 
the most used because its application is recommended by Brazilian standard 
NBR 5626/1998. On the other hand, the probabilistic methods have been considered 
more suitable because they take into account more realistic conditions of each design, 
which is represented as random variables intervening in the use of the water inside the 
buildings. Nevertheless, as the usage of some sanitary appliances may depend on the 
subjective behaviors of the users, the aim of this work is to present a model that uses 
Monte Carlo simulation for random variables and fuzzy logic for fuzzy variables to 
achieve a more accurate assessment of design flow rate in water supply system of 
multifamily buildings. As the first stage of the study the results of the application of 
fuzzy logic to determine the duration of showers, which affects remarkably the flow 
rate, is shown here in. For the validation of the model, all fixtures of an apartment with 
three students were monitored during a period of 20 days with the use of a water 
measurement system in real time. The comparison of the time of shower of one student, 
obtained by fuzzy logic with that collected in real time measurement is carried out, and 
show good agreement between the calculated and the measured duration of shower. 
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1. Introduction 
 
The traditional approaches to determine the design flow rates in building water supply 
system can be classified into empirical and probabilistic ones [1]. The empirical 
formulations are the most used. However, the probabilistic ones are more suitable 
because they take into account more realistic conditions of each design, which is 
represented as random variables intervening in the use of the water inside the buildings. 
Nevertheless, the probability theory only considers random variables, which depend on 
future events. It does not treat fuzzy variables that better represent the behavior of the 
user, which is required in a more accurate assessment of flow rates in the feeding 
branches. 
 
On the other hand, amount all the sanitary appliances used in multifamily buildings the 
shower generates the largest impact in the value of the design flow rate of the 
apartment’s feeding branch, in case of water submetering system. This is because of its 
longer duration of usage and its larger unitary flow rate. Moreover, the duration of 
usage of shower is strongly affected by subjective behavior of the users, which may be 
modeled by means of fuzzy approach, instead of the probabilistic ones. 
 
In this way, the aim of this work is purpose a model that applies Monte Carlo simulation 
and Fuzzy Logic to establish the design flow rate for the water system of the residential 
buildings. While fuzzy logic deals with subjective variables, in especial, to assess the 
duration of the shower usage, the Monte Carlo simulation uses the distributions of the 
variables for the determination of the instant of use of the sanitary appliances. 
 
As it is very difficult to carry out flow rate measurements for a typical family, the 
approach present herein is validated by using the measurements obtain from the 
apartment of three students. For the sake of simplicity, only the morning shower is 
considered because the peak period clearly defined and the instant of usage is more 
critical due to time to leave the apartment for work or study. 

 
 

2. Models for the determination of design flow rates in Brazilian 
water supply system 

 
According to Gonçalves [1], the empirical models commonly used for the assessment of 
the design flow rates in the cold water supply system include those technique based on 
the use of tables, graphs and empirical formula established from the experience and 
judgment of its authors. Meanwhile, the probabilistic models are based on the weights, 
graphs and mathematical expressions derived from probabilistic concepts. 
 
In the following sections, an overview of these two models is presented as well as the 
basic concepts of Fuzzy Logic, which is an approach adopted proposed herein to 
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development a more accurate model for the assessment of design flow rates of water 
systems. 
 
2.1 Deterministic model 
 
The Brazilian standard NBR 5626/1998 [2] recommends the use of a deterministic 
method for the assessment of the design flow rates in cold water system, whose 
expression is given by Equation (1): 

 

                                                             P0,3Q                                                      (1) 
Where:  
Q is the design flow rate in a given section, L/s.  
∑P is the sum of the relative “fixture units” of all the fixtures, installed downstream of 
the pipe section. 
Despite of its simplicity, this method does not take into account the influence of the 
users’ activities, which, in turn, are function of: 
 the type of the building and the characteristics of the user;  
 the characteristics of the building, which is defined for the size and the distribution of 

the population and,  
 the characteristics, flow rates and intensity of use of the sanitary appliances. 
 
2.2 Probabilistic model 
 
In order to consider the real conditions of each design situation Gonçalves [3] proposed 
a model for the determination of the water demands in the water supply systems, which 
is briefly shown as what follows. 
 
In building water supply systems the flow rates depends on the interaction between the 
user and the sanitary equipment system, and are affected by the following factors: 
 activities of the users, which is a function of: 

o the type of building (residential, school, hotel etc.); 

o the characteristics of the users, determined for physiological, regional, 
cultural, social and climatic aspects; 

 characteristics of the building, which is a function of: 

o the population  (size and distribution) and  

o the space organization; 

 characteristics of the set of sanitary appliances, which is a function of the types and 
the number of sanitary appliances. 

The intervening variables, which consider the above mentioned factors are grouped 
in the model as follows: 

 intensity of use of the set of sanitary appliances;  

 unitary flow rates of each type of sanitary appliance. 

The intensity of use of the set of sanitary appliances is considered in the model by using 
the following variables: 
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 duration of the discharge of a sanitary appliance, t; 

 interval of time between consecutive discharges of a sanitary appliance, T;   

 number of sanitary appliances installed downstream of the pipe section, n. 

The unitary flow rate of a type of sanitary appliance is denoted by q.  
 
The duration of the discharge of an appliance (t) consists of the period between the 
beginning of the discharge and the end of the water supply for the discharge. It can be 
determined by in loco measurements and calculation mean and the variance of a set of 
data or by the three points estimative method: a minimum value (tmin), a most probable 
(tprov) and a maximum (tmax), using the Gamma distribution, according to Gonçalves [3], 
the mean (μt) and the variance (σ2

t), may be determined by Equation (2) and (3), 
respectively. 
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Similarly, the unitary flow rate of each appliance (q) can also be determined by means 
of field surveys and its mean value and variance might also be calculated by using the 
three points estimative method.  
 

The interval between two consecutive usages (T) depends on several factors, and can be 
represented by the following variables: 

 number of appliances of the considered type installed in the sanitary room, n; 

  number of usages per capita of a type of appliance during the peak period, u;   

  population served at the sanitary room in which the appliance is installed, P. 
 
The number of uses per capita of each type of sanitary appliance in the peak period (u) 
can be determined similarly to the ones presented for the unitary flow rate and for the 
duration of the discharge. 
 
Despite the probability model gives more precise results than deterministic ones, the 
usage of sanitary appliances is strongly dependant on the users, whose subjective 
behavior may be better modeled as fuzzy variable [4]. Therefore, beside the 
deterministic and probabilistic models, approaches based on the Fuzzy Logic might be 
effective for the assessment of the flow rates, especially of the showers, whose usage is 
highly subjective. 
 
In this way, in order to develop a more reliable and accurate method to estimate the 
duration of the usage of the sanitary appliances, the present work applies the Monte 
Carlo simulation to model the random variables such as the instant of usage of sanitary 
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appliances and applies Fuzzy Logic to model the behavior of the users as a set of fuzzy 
inference rules for the usage of shower, which is particularly related to the instant of 
usage and air temperature. The approach adopted herein is presented in the following 
sections. 
 
2.3 Monte Carlo simulation 
 
Monte Carlo simulation [5] is considered in the present research to take into account 
random events of the use of the sanitary appliances such as the wash basin, water closet, 
sink, sink laundry and washing machines. Different from the shower, as will be shown 
in the next sections, the use of these sanitary appliances does not show clear relation to 
some intervening variables.  
 
2.4 Fuzzy logic  
 
Of all the sanitary appliances used in residential buildings, the shower generates greater 
impact in the value of the design flow rate of a section, due to the longer duration of use 
and relatively high unit flow rate. Moreover, the behaviors of its users are quite 
subjective, which might be better modeled by using Fuzzy Logic. This fact motivated 
the authors of this work to use the fuzzy logic to determine the duration of use of the 
shower during the bath of users. 
According to Von Altrock [6], fuzzy logic is a technology that translates natural 
language descriptions of decisions policies into algorithm using a mathematical model. 
It is a reasoning system that involves fuzzy propositions and the procedure of the fuzzy 
inference consists of three major steps: fuzzification, inference and defuzzification, as 
presented in Figure 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Structure of a fuzzy logic system [6] 
 
Fuzzification: It is the initial step, where the fuzzy sets are used to translate numerical 
variables into linguistic variables, and the membership degree of the associated 
linguistic values are obtained. 
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Fuzzy inference: After translating all input numerical values into linguistic variable 
values, the fuzzy inferences are carried out by applying the if/then fuzzy rules that 
define system behavior. This step yields a linguistic value for the linguistic variable. For 
example, the linguistic result for “duration of shower” (linguistic variable) could be 
“very fast” (linguistic value). 
 
Defuzzification: In this step, the fuzzy variable obtained by the inference rules is 
converted into a discrete numerical value that better represents the inferred values of the 
linguistic variable, which is the output of the fuzzy inference. There are many 
desfuzzification methods available in the literature. However, according to Cox [7], 
method of baricentre and method of average of the maximum are the most used ones. In 
this work the method of baricentre has been adopted. 
                   

3. Methodology 
 

This section shows the methodology and the fuzzy approach adopted herein. The data 
obtained in the apartment of the students will be used for the establishment of the 
distribution of the following variable: average values of flow rates, average duration of 
use and schedule of the beginning of use of the sanitary appliances. It is highlighted that 
the duration of the showers is obtained by fuzzy logic. 
 
Since it is very difficult to obtain authorization to install the measurement equipments in 
loco because the cabling and the sensor bother the users, as an alternative, 
measurements have been carried out in an apartment where three students live.   
 
3.1 Model using Monte Carlo simulation and Fuzzy logic 
 
Figure 2 shows the flowchart of the model to be developed. The following variables will 
be used: 
 deterministic – quantity of sanitary appliances (n);  
 random – average flow rate of sanitary appliances (qm);  average duration of use of 

sanitary appliances (tm) except the electric shower, which  will be obtained by fuzzy 
logic; instant of beginning of the activities related to the water use. 

 fuzzy – linguistic values of the variable “instant of shower”, “air temperature” and 
“duration of shower”. 

 
By means of the fuzzy logic determines the duration of the shower and with the use of 
Monte Carlo simulation is determined the start of use of the sanitary appliance. 
 
Based on the quantity and type of sanitary appliances and the users, Monte Carlo 
simulation is carried out to determine the instant of usage of all sanitary appliances by 
each user. The duration of usage is also determined by Monte Carlo simulation, except 
in the case of shower. Because of its longer duration and the influence of the users´ 
behaviour, the duration of shower is determined by using fuzzy logic as explained in the 
section 3.2. In the case of overlapping of the shower usage (more than one user at the 
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same time), a strategy that establishes the priority amount the users is adopted to solve 
the conflict. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Step of the model to determine the design flow rate using Fuzzy Logic 
and Monte Carlo simulation 
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3.2 Measured duration of shower 
 

At first the duration of shower times of each user have been measured in a period of 20 days, 

and with the use of a real time water measurement system, constituted of a volumetric 
water meter class C, nominal flow rate of 1.5 m3/h, connected to a Cyble pulse and a 
data acquisition system (MGCplus – HBM). 

The local where the measurements have been carried out was an apartment in the city of 
São Paulo-Brazil. Three male students live there. One is a under graduating student, one 
is master degree student and another one of PhD degree student. These students are 
from two regions of Brazil: North and Northeast, which present different climatic 
conditions, and both hotter than São Paulo. This might influence the habits of the users 
and the duration of showers. The apartment has three dormitories, one bathroom with 
one electric shower, one close-coupled toilet with nominal volume of discharge of 12 
liters (WC) and one wash basin. The climatic conditions during the period of data 
collect was very hot, with maximum and minimum air temperature of a day ranging 
from 16 oC to 34 oC, and the temperature in the morning varied from 20 oC to 22 oC. 

 
3.3 Determination of the duration of shower by fuzzy logic 
 

Figure 3 shows an overview of the fuzzy reasoning system for the assessment of the 
duration of the morning shower. 

All students leave the apartment in the morning and come back only at the end of the 
day. The peak period for the use of the shower in students’ apartment is from 7:30 to 
10:00 a.m. 

For the sake of simplicity, amount the variables that affect the duration of shower in the 
peak period in the morning, two main variables “instant of shower” and “air 
temperature” are considered herein. Based on these two variables, the set of linguistic 
variables for “instant of shower”, “air temperature” and “duration of shower” are 
defined by interviews applied to the users. 
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Figure 3: Fuzzy reasoning system to assess the duration of the morning shower as 

function of instant and air temperature 
 

The questions carried through in the interview have been: 

• Which the air temperatures you consider very cold, cold, pleasant, hot, very hot? 

• During the peak period, what are the time intervals associated with the following 
expressions: very early, early, in time, delayed and very delayed. 

• Associate the duration of your shower, in minutes, with the following expressions: 
very fast, fast, normal and long. 

 

3.3.1  Linguistic variables 
 
The interviews generates data that present some scattering, typical of personal 
subjectivity of the users. Thus, mean value obtained from the three users have been used 
to establish the sets of fuzzy linguistic values corresponding to “instant of shower”, “air 
temperature” and “duration of shower”, which are shown in Figure 4, 5 and 6 
respectively. 
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      very early            early                         on time                   delayed              very delayed 

 

 

 

7:30                           8:00                              8:30                             9:00                                  10:00                                               

 
Figure 4: Linguistic values of the variable “instant of shower” of the students 
 

 

very cold                       cold                   pleasant                             hot                very hot 

 

 

 

15oC                                       20oC                           23oC                                       27oC                          30oC                                                

 
Figure 5: Linguistic values of the variable “air temperature” of the students 

 
 
 
 

 no bath              very fast                   fast                             normal                       long 

 

 

 

0 min                    3 min               5 min                      8 min                           12 min     

Figure 6: Linguistc values of the variable “duration of shower” of the students 
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3.3.2   Rules of the fuzzy reasoning 
 
Also, from the interviews, a matrix of fuzzy reasoning rules is obtained for each user. 
As the matrices present different pattern due to different habits of the users, they are 
shown separately in Tables 1, 2 and 3. 

 

Table 1 - Fuzzy matrix for the establishment of the shower time of the user A 

 

       Time 

Temperature 
very early  early  on time  delayed   very delayed 

very cold  normal  normal  normal  fast  very fast 

cold  normal  normal  normal  fast  very fast 

pleasant  long  long  long  fast  very fast

hot  long  long  long  fast   very fast

very hot  long  long  long  fast  very fast

 

Table 2 - Fuzzy matrix for the establishment of the shower time of the user B. 

 

       Time 

Temperature 
very early  early  on time  delayed  very delayed 

very cold  fast  fast fast very fast  no shower

cold  fast  fast normal very fast  no shower 

pleasant  normal normal normal fast  very fast 

hot  long  normal  normal  fast  very fast 

very hot  long  long  normal  fast  very fast 
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Table 3 - Fuzzy matrix for the establishment of the shower time of the user C  

        Time 

Temperature 
very early  early  on time  delayed  very delayed 

very cold  long  long  normal  fast  very fast 

cold  long  normal  normal  fast  very fast 

pleasant  normal  normal  normal  fast  very fast 

hot  fast  fast  fast  fast  very fast 

very hot  fast  fast  fast  fast  very fast 

 

4. Results and discussions 
 
Results obtained by measurements of the flow rate and duration of the use of the water 
closet (Figure 7) and the use of wash basin (Figure 8) with their respective distribution 
of use of these sanitary appliances by the three students.  
 

 
Figure 7: Water closet flow rate profile and respective distribution of water 

closet use 
 

 
Figure 8: Wash basin flow rate profile and respective distribution of wash basin 
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One of the results obtained by measurements of the duration of the bath of the student A 
is presented in Figure 9. It gives a measured time series of the flow rate due to the 
shower usage of the student A. The data show the duration of the shower. Since only the 
student A has the habit of taking shower in the morning, the validation of the duration 
of shower determined by fuzzy logic has been carried out using his data. 

 
Figure 9: Shower profile of the student A collected in field 

 
For the calculation of the duration of shower, by using Mamdani relation, a software in 
Java language has been developed. The results are giving in Figure 10 for the student A. 

As mentioned before, the student A had the greater number of shower during the 
morning, therefore measured data that corresponds his showers have been used for the 
validation of the fuzzy approach.  

 

Figure 10: The duration of morning shower of the student A obtained by the 
fuzzy approach 
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Table 4 presents the time instant and the air temperature of the events recorded by the 
measuring system regarding to student A. 

Table 4 - Instant of the shower of the student A and the corresponding air 
temperature obtained by measurement  

 

Shower event  Time (h:min)  Temperature (oC) 

A  7:33  22 

B  8:44  22 

C  8:49  22 

D  8:57  22 

E  9:10  22 

F  9:27  22 

 

Figure 11 shows the duration of the shower obtained from in loco measurements and 
that obtained by means of the fuzzy logic for the cases shown in Table 4. Since the 
measurement has been realized in a period whose patterns of daily temperature variation 
are almost the same, all the temperatures recorded in the peak periodo are very close to 
22 oC. 

 

 

Figure 11: Shower times of the sudent A obtained by measurement in field and 
in real time by fuzzy logic 
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In Figure 11, it is observed that the measured and the calculated durations of the shower 
for the event A are quite different. There are two reasons for the discrepancy: the first 
one is that this shower was much more early than usual time of the student A and the 
second is that this shower have occurred in the weekend while the others had been in 
normal days of activities. 

 

Thus, without considering this atypical event, which is expected because of some 
random events, the calculated duration of the shower of all other cases agrees well with 
the measured ones. This result gives some insight about the effectiveness of the 
approach based on Fuzzy Logic to estimate the duration of the usage of the sanitary 
appliances. 

 

5. Final considerations 
 
This paper presented the first stage of a research for the determination of design flow 
rate in a water supply system of multifamily buildings. This model considers Monte 
Carlo simulation for random variables and Fuzzy Logic to assess the duration of the 
shower in a residential apartment, due to it better represent the behaviour of the users. 
This first stage is focused on the assessment of the duration of shower by using fuzzy 
logic. 
 
The fuzzy approach was validated by available measured data, and the results show 
good agreements between the measured and calculated ones. Thus, one of the great 
advantages of the approach is the ability of taking into account the influence of the 
subjectivity of the user on the usage of the sanitary appliances, mainly the showers.  
 
In the second stage of the research, the simulation of the random events of the usage of 
all sanitary appliances will be carry out by using Monte Carlo simulation. The model 
will be validated by data of another apartments but the approach is very effective and 
serves as a basis for the development of a more accurate method to assess the design 
flow rate for the water supply system of the residential buildings. 
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