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Abstract. An analysis of changing patterns of the values of member forces in a scissors 
truss, depending on the position of connections of its lower chords to the upper chords, 
is performed. Exploring effective truss structure designs in terms of balanced 
combination of maximum strength and minimum weight is a sustainable approach to a 
more rational use of building materials and the development of green construction. This 
determines the relevance of this area of research. The analysis of configurations of the 
truss under study was performed using the parameterized Maxwell — Cremona 
diagram. Such diagram is a visually informative tool in presenting the calculation 
results and it fully reflects the relationship between the member forces and the 
parameters of the structure. The research process was performed using the MS Excel 
spreadsheet editor. This eventually developed into a software tool for finding effective 
scissors truss designs, which has full potential for further improvement and 
development. Thus, the functionality of the tool can be easily expanded to designing 
scissors trusses made of various structural materials, as well as with various cross-
sectional shapes of its elements. The proposed approach to the calculation of such 
structures can serve as a basis for parameterization of trusses with other types of web. 
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Аннотация. Выполнен расчет по определению характера изменения 
значений усилий в элементах треугольной фермы типа «ножницы» в 
зависимости от положения точек примыкания ветвей её нижнего пояса 
к элементам верхнего пояса. Изыскание эффективных конструктив-
ных решений ферм в контексте гармоничного сочетания максималь-
ной прочности и минимального веса конструкции является устойчи-
вым подходом к более рациональному использованию строительных 
материалов и развитию зеленого строительства. Это обуславливает 
актуальность данного направления исследований. Анализ вариантов
конфигурации треугольной исследуемой фермы выполнен с помощью 
параметризованной диаграммы Максвелла — Кремоны, которая явля-
ется наглядным инструментом в представлении результатов расчета и 
полноценно отражает зависимость усилий в элементах конструкции от 
ее параметров. Процесс исследований был воплощен с помощью таб-
личного процессора MS Excel, что сложилось в программное средство 
для поиска эффективных конструктивных решений ферм типа «нож-
ницы», которое в полной мере обладает потенциалом к дальнейшему 
совершенствованию и развитию. Функционал программы может быть 
расширен до возможности проектирования ферм типа «ножницы» из 
различных конструкционных материалов, а также для различных форм 
поперечного сечения ее элементов. Предлагаемый подход к расчёту 
таких конструкций может послужить основой для параметризации 
ферм с другими типами стержневой решётки. 

Ключевые слова: строительство, проектирование, здания, диаграммы 
Максвелла — Кремоны, ферма 
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1. Introduction 

By the early 18-th century there was no reliable method of designing structures. For a long time, the 
experience of masonry and wooden construction was not generalized and fixed by any calculation methods [1]. 
When designing, one had to use a system of rough empirical calculations developed on the basis of centuries-old 
practice [2; 3].   

Graphical structural analysis emerged in the second half of the 19-th century as a method for solving 
engineering problems containing equilibria of forces [4]. Graphical structural analysis is an intuitive and 
powerful design tool that allows the structural engineer to analyze and control forces in planar lattice 
structures — trusses [5; 6]. Trusses are widely used in a variety of engineering structures because of their 
relatively high strength to mass ratio. They are used both as internal support for other structures and as 
independent structures [7; 8]. Before the emergence of computers, graphical structural analysis was the only 
viable means of designing arches and trusses, the elements of which experience axial forces only. The 
resulting structures were often material efficient [9–11]. 

2. Method 

With the advent of computers (around the 1980s), analytical and manual calculation methods 
gradually lost their relevance. Nevertheless, there are cases when during the design of a structure it was 
necessary to visualize the calculation results and their dependence on its parameters, in this case on the roof 
slope. In such situations, it is reasonable to use the Maxwell — Cremona diagram [12; 13]. The method of 
constructing the Maxwell — Cremona diagram allows to quickly and illustratively determine the forces in 
the truss members and find the relationships between the forces and the position of the connections between 
the lower and upper chords. 

The advantages of this method include: compactness of constructing force-vectors, possibility of 
quickly checking against errors and assessment of the overall stress-strain state of the truss. This paper is 
devoted to the qualitative analysis of modeling a particular kind of vaulted (triangular) truss — the scissors 
truss. Usually, trusses with bottom chord elevation are installed over specific indoor facilities: living rooms, 
sports halls, often used for canopies [14; 15]. 

3. Results and Discussion 

Paper [16] presents a study of the relationship between the forces in the members of the truss shown in 
Figure 1 and the ratio of the rise to the span of the structure. The study was based on the analysis of the 
Maxwell — Cremona diagram (hereinafter M–C) for different values of the f to L ratio. 

The results showed that: 
 the change in the horizontal coordinates of the points of the diagram is inversely proportional to the 

change in rise, i.e. the shape of the diagram changes only its length; 
 its height is directly proportional to the value of the external load; 
 the values of forces obtained from unit loads are valid for any span of the structure, but at the 

constant rise to span ratio. 
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Figure 1. The studied truss model in general form 

S o u r c e: made by V.A. Repin 

 
Thus, to obtain the values of forces in the elements of a similar structure, it was sufficient to scale the 

original diagram according to the degree of change in the rise, and then multiply the obtained forces by the 
value of the load. 

This paper presents the results of an additional study, which consists of determining the relationship 
between the force values and the position of the connections of the lower chords to the upper chords, which 
is controlled by the ratio of distances a and b (see Figure 1). This ratio is denoted as 

.am
b

    (1) 

Assumptions of the analysis: 
 loads are applied to the nodes of the upper chords of the structure in the form of concentrated 

forces; 
 external loads act only vertically (horizontal components of the loads are expected to be considered 

in further studies);  
 the connection of the elements is hinged, thus excluding the emergence of bending moments. 
The results of the analysis of M–C diagrams plotted in a CAD software for different values of m show 

that they differ from each other radically (Figure 2). Thus, for obtaining forces at different ratios of a and b, 
scaling of the diagram is not suitable. 

This raises a problem of finding an original approach to the construction of the force diagram in the 
elements of the investigated structure depending on parameter m. Such approach involves parameterization 
of the configuration of the scissors truss members and, as a consequence, of the force diagram graphs. An 
algorithm is developed on the basis of the obtained mathematical expressions. The algorithm is further 
implemented with the help of the MS Excel spreadsheet editor, which has a charting tool.  

The magnitudes of external forces P applied at point C, in addition to distributed load q, are also 
determined by the width of the loaded region equal to b: 

P = qb. 
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Figure 2. The changing pattern of force diagrams when varying the position 
of connections of the lower chords to the upper chords in the truss 

S o u r c e: made by V.A. Repin 
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In turn, the width of the loaded region for the loads at points B and D is equal to (a + b)/2. Coefficient 
k reflects the difference in magnitude of the concentrated forces at points B and D with respect to the load at 
point C: 

.
2

a bk
b


  

Considering relation (1), one may obtain: 

1.
2

mk 
  

Support reactions Ry, therefore, are equal to 

(2 1) ( 2) .
2 2 2y
P P k P mR  

    

The position of the upper chords of the truss is determined by the roof slope, which is the ratio of the 
rise to the span, or rather to its half, which is denoted as follows: 

2 .fn
L

  

Let us assume the position of the coordinate origin at point A. Then, the following equation is valid for 
the configuration of element A–B–C (Figure 3): 

у = nx. 

 

 
Figure 3. Parameterization of the configuration of the scissors truss elements 

S o u r c e: made by V.A. Repin 

 
Correspondingly, for the lower chord A–F–D: 

.
2

cxy
a b




   (2) 

Now this equation needs to be expressed in terms of variable parameters n and m. Since a + b = L/2 
and a = bm, then: 
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, .
2( 1) 2( 1)

L mLb a
m m

 
 

 

Since c + d = f and c/d = m, then 

, .
1 1

f mfd c
m m

 
 

 

Hence, expression (2) can be represented as: 

.
2

my nx
m




  (3) 

Parameterization of the M–C force diagram is performed similarly. The graphs of the diagram are 
constructed parallel to the truss members, and the nodal points of the diagram are located at their 
intersection. Point 1 is taken as the coordinate origin. 

Hence, graph 2–6 is parallel to element A–B and its segment belongs to the line described by the 
following function (Figure 5): 

2 6
2 .

2y
my nx R nx P


     

Graph 1–6 is parallel to element A–F and is described by a straight line equation, effectively coinciding 
with expression (3): 

1 6 .
2

my nx
m 


 

The position of point 6 is determined by the intersection of lines 1–6 and 2–6. Thus, the x-coordinate 
value is found from the following equation: 

2 ,
2 2

m mnx nx P
m


 


 

which is equal to 

2

6
( 2)

4
mx P

n


   or 
2

6 .yR
x

nP
   

Then, the y-coordinate value is equal to 

6
( 2)

4
m my P 

    or  6 .
2

ymR
y    

Hence, the coordinates of point 6 on the force diagram are equal to 

2
6 ; .

2
y yR mR

nP

 
  
 
 

 

Point 7 is located at the intersection of lines 3–7 and 6–7. Their equations are derived by focusing 
on the points of their intersection with the vertical axis, as in the previous case. Thus, line 3–7 is parallel 
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to element A–B–C (see Figure 3) and intersects the y-axis at point 3 (0; 0.5P). Then its equation takes the 
form of 

3 7 0.5 .y nx P    

Line 6–7 is parallel to B–F–E, which is symmetric to A–F–D (i.e. its sign is opposite), and intersects 
the vertical axis at the point with coordinates (0; –mRy). Then the equation of this line takes the following 
form: 

6 7 .
2 y

my nx mR
m   


 

The horizontal coordinate of point 7 is determined from the following equation: 

0.5 ,
2 y

mnx P nx mR
m

   


 

which results in 

7
( 1)( 2)

4
m mx P

n
 

   or 7 .ykR
x

n
   

Then, the vertical coordinate is equal to 

7 0.5 .yy P kR   

The parametrization results are presented in Figure 4. 
Points 8 and 9 are located symmetrically to points 6 and 7, so their vertical coordinate values are the 

same, but with the opposite sign. 
 

  
 

Figure 4. The process of parameterization of the Maxwell — Cremona force diagram 
S o u r c e: made by V.A. Repin 
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Figure 6. The M—C force diagram, constructed 
using the “Chart” function in MS Excel 

S o u r c e: made by V.A. Repin 

The obtained results are entered in the cells of the spreadsheet in Figure 5. The computations show 
that the values of forces obtained from the diagram are directly proportional to the value of load P. 
Therefore, it is reasonable to use a unit load P = 1 in the formulas for determining the forces to ensure 
proper control over the calculation process. The design values of member forces of the investigated 
structure are calculated by multiplying the forces from the unit load by the design value of P, determined 
via the design value of load q. 

In addition, the determination and selection of the value of parameter n (slope of the upper chord), can 
be arranged in an informative tabular form (see Figure 5).  

 

 
Figure 5. Calculation of the nodal points of the force diagram (for n = ½; m = 1.5) 

S o u r c e: made by V.A. Repin 
 
 

The calculated values of nodal coordinates 
fully coincide with the ones obtained graphically 
(see Figure 5 and Figure 2, b). 

On the basis of these data, the force diagram 
can be easily constructed in the MS Excel 
environment (Figure 6). 

The values of forces from the design load, 
q = 2.5 kN/m (P = 6.0 kN) in this case, fully 
coincide with the design values obtained using 
finite element software (Figure 7). 

Thus, a software tool for analysing scissors 
trusses was developed. It allows to effectively 
and illustratively calculate the forces depending 
on the following parameters:  
 geometric: span L; rise f (roof slope n); 

position of the connections of the lower chords 
to the upper chords — m; 
 external load q (or P). 
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Parameterization of the topology of the truss web provides a rational configuration of the structure, 
which allows to minimize the values of forces in its elements. This, in turn, contributes to the achieving 
higher economic efficiency of the truss structure [17; 18]. 

Graphical methods do not lose their popularity in structural design owing to their computational 
efficiency [19; 20], which is due to the simplicity of determining forces in the truss elements, as well as the 
clear reflection of the relationship between their values. These results also demonstrate the possibilities and 
relevance of M–C diagram application in present-day conditions. 

 
  

   
 

 
 

 
 
 
 
 
 

Figure 7. Analysis of the results of calculating the element forces in the investigated truss in two ways: 
a — model; b — parametrically according to the M–C diagram; c — using finite element method 

S o u r c e: made by V.A. Repin 

4. Conclusion 

1. The Maxwell — Cremona diagram allows to quickly and illustratively determine the forces in the 
truss elements. It also allows to find the relationships between the forces in the elements of a scissors truss 
and the position of connections of the lower chords to the upper chords, governed by the ratio a/b, and the 
roof slope. 

2. The graphical method of obtaining the values of element forces fully characterizes the behavior of 
the scissors truss. 

3. The use of a spreadsheet editor allows to efficiently and informatively implement the construction 
of M–C diagram graphs based on the parametric algorithms presented above. It is possible to analyze the 
stress-strain state of the structure depending on the rise, roof slope and other factors. 

4. In addition, due to the computational potential of the spreadsheet editor, it is possible to extend the 
functionality of this software tool to solve a number of additional tasks, for example: selection of element 
cross-sections, determination of the rational configuration of the structure in terms of reducing material 
consumption, installation weight, etc. 

5. The proposed approach to the analysis of scissor trusses can serve as a basis for the parametrization 
of trusses with other web types as well. 

a 

c b 
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