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Abstract. The paper reviews the dependence of labor productivity on the 

number of workers within a unit of working area (i.e. workforce density) 

in the construction sector. The relevance of the problem is demonstrated. 

Some limitations of the linear model for the dependence, assumed in the 

construction sector, are discussed. These limitations are linked up with the 

neglect of labor productivity reduction due to the increased density. The 

proposed by some researchers concepts which account for the above 

factor are listed.  Their drawbacks are indicated, and the necessity of 

further research is shown. A “hyperbolic model” is proposed, in which 

one worker productivity is constant for a certain workforce density rate 

and then it drops down with the increasing speed. Work productivity 

reduction in such model is described by the “hyperbolic growth” function. 

The primary approbation of the model was done for some construction 

operations at the nuclear power plant reactor building.  The density rate 

was optimized (as per deadline reduction criterion) for this case according 

to the “hyperbolic model”. 

1. Introduction 

It is accepted in calendar and network planning in the construction sector that the total team 

output linearly depends on the workforce density (the number of workers within a unit of 

working area). However, in the case of limited work front one worker productivity rate is 

constant only until the working space is not congested, and the more workers are involved 

in the operations the greater is their common productivity. It is so until the workforce 

density achieves a certain level when productivity is affected by mutual interferences. The 

total team output may nevertheless increase until a certain optimal level is achieved. Then 

the overall productivity starts dropping down because of the work space congestion. 

Modeling the dependence of labor productivity on the workforce density may allow finding 

the mentioned optimum as well as improving the accuracy of calendar planning.   

There were attempts to solve the problem of the workforce productivity reduction 

modeling caused by the increased density by such autors as M. Ringelmann [1, 2], E.Mayo, 

M. S. Viteles [3], D. Hewitt, J. Parfit [4], B. V. Lukanin [5], I. V. Kim [6], G. L. Isaeva [7], 

F. F. Dzhalilov [8], T. L. Simankina [9], I. L. Abramov [10], M.Kaya [11], J. Lee [12], A. 

A. Lapidus [13], etc. Most of the proposed models for one worker productivity (P) 

dependence on the workforce density (ρ) are presented in ((1), (2), (3)) as follows: 
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The total team output Y ( product units

hour
) is defined by the following formula: 

( )Y P S       (4)  

with S (space units) as the size of the working area.      

2. Materials and methods 

The difference of the proposed approaches consists in selection of function ( )P   that 

reflects labor productivity reduction versus the workforce density (Cf. Eq.(2)). Meanwhile 

all proposed functions have either some considerable theoretical drawbacks and/or a narrow 

application area. [14]  In the paper [14] the proposal that pretends to do away with the 

indicated drawbacks is stated and substantiated. It states that a productivity reduction can 

be described with a “hyperbolic growth” function (the general form is 2
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with 
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2C as parameters, x as a variable [15, 16]). The results of use this hypothesis for 

some reinforcement operations were proved by the interviews of the construction engineers 

at the Novovoronezh Nuclear Power Plant II, made in May 2018. The productivity 

reduction, in term of such “hyperbolic” model, can be described by the following formula: 
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with 
aP  as horizontal asymptote of function ( )P   (Cf. Fig. 1); 

 

Fig. 1. One worker productivity versus workforce density as per “hyperbolic model” (continuous line) 
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as function, reflecting negative impact of mutual interferences on 

labor productivity. Parameters 
1C  

and 
2C  (men) depend on type of operations with 1

S

C , 

being the vertical asymptote of function ( )N  graph (Cf. Fig. 2). 
1C  is limited by 

condition: 
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Fig. 2. Function that reflects the negative impact of mutual interferences on labor productivity, 

depending on the workforce density for the “hyperbolic model” (continuous line) application. 

It follows from the boundary conditions: 
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that the formula of labor productivity dependence on the workforce density with 

maxl
    (5) can be presented as follows: 
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 Parameter 
1C  (men) is determined from the known one worker productivity 

0
( )P   

with workforce density  
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    by inserting these values into the above 

mentioned equation: 
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0
( )P  is determined by expert evaluation or by production experiment. 

The total team output dependence versus workforce density is given on Fig. 3 

 

Fig. 3. Total team output versus workforce density: continuous line corresponds to the “hyperbolic 

model”, the dotted line corresponds to the linear model.  

maxY  is maximum total  team output 

The optimal saturation 
optn  as per the work time reduction criterion is determined by 

the total team output derivative made equal to zero (Cf. (4), (6)): 
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3. Results 

The “hyperbolic model” has been primarily tested for the reinforcement of the base plate of 

the reactor building of the nuclear power plant (AES-2006) (Cf. Fig. 4).  

 

Fig. 4. The reinforcement of the base plate of the reactor building of the nuclear power plant (AES-

2006) 

Parameters 
0P  , 

l
  , 

max
  , 

1C were determined according to the results of the 

survey of the experts (Novovoronezh NPP II construction specialists). Work front area S 

was found out from the project documentation. Values are presented in Table 1. 

Table 1. Initial conditions for the case 

Value Notation Value Unit 

Work area S 2100 m2 

Nominal worker productivity  
0P  0,017 

tons

man-hour
 

«Linearity limit» 
l

  2,38 2

men

100 m
 

Maximum workforce density rate  
max

  10,95 2

men

100 m
 

Parameter 
1C  

1C  470 men 

As a result of calculation by the formulas of the “hyperbolic model”, the values of labor 

productivity and the total team output depending on the workforce density were obtained. It 

is presented in Table 2. 
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Table 2. One worker productivity and total team output for different workforce density rates 

under the assumption of “hyperbolic model” for the case in question 

Workforce 

density, 

2

men

100 m

 0,095 0,95 

 

 

2,38  

(
l


 
) 

3,8 

 

 

6,38 

(
opt


 

) 

7,62 9,52 

 

 

10,95 

(
max


 
) 

Number of 

workers, men 

 

2 

 

20 

 

50  

 

80 

 

134  

 
160 200 

 

230  

(nmax) 

Specific area 

per person, 

m2/man 

1050 105 42 26,2 15,7 13,1 10,5 9,1 

Worker 

productivity, 

ton/man-hour  

0,017 0,017 0,017 0,015 0,0114 0,009 0,004 0 

Team total 

output, 

ton/hour 
0,034 0,34 0,85 1,23 1,527 1,44 0,88 0 

4. Discussion 

The results, according to experts, are close to true. The performed analysis shows that if 

spread footing reinforcement operations are to be accelerated to reduce the deadlines or, as 

is often the case, to meet the planned deadlines, the workforce can be increased from 50 to 

maximum 130-140 men. This result corresponds to the expert evaluation of  optimal value 

roughly 140 men.  

Thus, the first results of testing the model show that it allows us to estimate the 

dependence of labor productivity on workforce density and the optimal number of workers 

(according to the work deadline reduction criterion) with pretty high accuracy. At the same 

time, the model is quite simple, for its use only 3 subjective parameters are necessary. 

Based on the previously proposed models, it is characterized by better validity and breadth 

of application area. 

5. Conclusions 

The research enables the following conclusions: 

1. The proposed “hyperbolic model” of the workforce productivity dependence on 

workforce density allows to account the labor productivity reduction due to mutual 

interference between workers. 

2. An algorithm for the finding the optimum of the number of workers (according to the 

work deadline reduction criterion) which corresponds to the maximum total team output is 

offered.  

3. The “hyperbolic model” has been initially successfully tested at the reinforcement 

operations for the spread footing of a Nuclear Power Plant reactor building. The number of 

workers was optimized according to deadline reduction criterion.  

4. The model is able to be used as a tool of solving a number of problems of calendar 

planning and workforce rate optimization.   
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