
 

Abstract 

The use of prestressed concrete columns has been quite rare in Finland, mainly for reason of a lack of 
national design regulations and guidelines. To promote their use, the Confederation of Finnish 
Construction Industries initiated a research project on precast prestressed concrete columns, in 
connection with an extensive research programme at Tampere University examining slender concrete 
structures. A displacement-based calculation model developed earlier in the programme for reinforced 
concrete columns and piles was developed further for evaluating the buckling of slender prestressed 
columns. The researchers applied this model to compare structural behaviour between prestressed and 
reinforced columns of the same dimensions and concrete strength and to evaluate the structure’s 
suitability for test specimens for a later, experimental stage of research. The prestressed cross section 
cracked only after quite considerable bending. With simultaneous compressive force to the top of the 
column, there was even less cracking. The mathematical calculations took into account the normal 
force dependent bending stiffness. The results reveal a significant reduction in the amount of steel 
material necessary when prestressing is applied. 
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1. Introduction 

Several approaches exist for determining the reinforcement provided with a cantilever reinforced 
concrete column, presented in various handbooks, guidelines, and codes (Menn 1990, Nykyri 2015, 
SFS-EN 1992-1-1 + AC 2010). These provide little input with regard to prestressed columns, and the 
design methods described for reinforced concrete columns cannot be employed directly (Lin & Burns 
1981). Therefore, researchers at Tampere University undertook to develop a calculation method 
suitable for slender prestressed concrete columns. The new method is based on Vogt, Vogt, and 
Kellner’s work (2009), which presented a second-order deflection-based method suitable for steel 
piles, extended to reinforced concrete piles by Haavisto and Laaksonen (2019, forthcoming). 

In this paper, we present the application of the displacement-based calculation method developed, 
considering the results with several types of mathematical determination. The calculations involve 
increasing horizontal displacement at the top of the cantilever column and considering the balance 
between internal and external bending moments at the bottom during each displacement step. The 
internal bending moment is calculated in accordance with the actual level of normal force. 

2. Application of the displacement-based calculation method 

The mathematical calculations were carried out in the context of adaptive algorithms for short-term 
load prediction that were provided by the engineering mathematics software MathCAD 15. Both the 
sine-wave-form initial deflection and the similarly shaped second-order deflection were applied to the 
column. 

Figure 1 illustrates the stress–deformation relationship that is assumed in the paper. This nonlinear 
stress–deformation relationship for concrete under compression was obtained from Eurocode 
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standards (SFS-EN 1992-1-1 + AC 2010). The tensile stress was assumed to increase with the inverse 
model until the ultimate tensile strength was reached. Because the process involved a short-term focus 
of analysis only, the effect of concrete creep was not considered. 

 
Figure 1. The nonlinear stress–deformation relationship assumed for concrete. 

Plane sections were assumed to remain planar. Accordingly, the strain along the cross-section varies 
linearly and the distribution of stress within the cross-section can be obtained easily if the two edge 
strains to the cross-section are known. Both normal force and the bending moment of the cross-section 
can be determined by integrating the stress distribution over the cross-section. 

3. Details of the structures considered  

The column cross-section for which the calculation was performed, shown in Figure 2(a), is 380·380 
mm2, a column cross-section commonly used in Finland. In the case considered, the column comprises 
4, 8, 12, or 16 strands (1, 2, 3, or 4 strands per corner), each having a cross-sectional area of 93 mm2 
(ϕp = 12.5 mm). The distance from the edge of the column cross-section to the strands is 50 mm. 
Comparative calculations were carried out for a reinforced concrete column with 4Ø25 reinforcement 
(four reinforcing bars, each with a diameter of 25 mm). 

The buckling length used (L0) was either 8 m or 15 m, with initial deflection of, respectively, 
20 mm or 37.5 mm (L0/400). The case structure corresponds to a four-metre-high (λ = 73) or 7.5 m 
(λ = 137) cantilever column with a completely rigid connection at the bottom. Figure 2(b), below, 
illustrates the static system of the cantilever column. 

                                    
Figure 2. Diagram of a) a typical prestressed cross-section and b) the static system of the cantilever column. 

Concrete class C50/60 was used. The tension (a prestress) in the strands before addition of an 
external load in the calculations for the basic case was 1000 MPa, and the strand strength was fp0.1k = 
1640 MPa. 

Figure 3, below, shows the relationship between bending moment and curvature with six levels of 
normal force both for the prestressed column with 8 strands in the cross-section and for the reinforced 

(a) (b) 
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concrete column with 4Ø25 reinforcement. That is, the figure depicts the dependence of the bending 
stiffness on the normal force applied. The maximum curvature of the cross-section decreases when 
normal force is added. When higher normal force is applied, a larger area of the cross-section gets 
compressed. In the calculations, this led also to higher cracking moment values. The effect of the 
prestress on the magnitude of the cracking moment is similar. 

 
Figure 3. For six levels of normal force, bending-moment–curvature relationships (M–κ curves) for a prestressed 

concrete cross-section with 8 strands and a reinforced concrete cross-section with 4Ø25 reinforcement. 

  

 

 
Figure 4. At four levels of normal force, the relationship between bending stiffness and moment for cross-

sections with different numbers of strands and for a reinforced concrete cross-section. 

Figure 4 describes the bending-stiffness–moment relationships with four alternative numbers of 
strands in the cross-section, along with a reinforced concrete column as a reference. That is, the plots 
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below depict the dependence of the bending stiffness on the bending moment with several levels of 
normal force. Bending stiffness was determined by varying the curvature of the cross-section and 
obtaining the corresponding bending moment for each curvature value with the given axial force, in an 
iterative process. Bending stiffness was then defined as bending moment M divided by curvature κ. 

4. Results 

M–N interaction diagrams for the prestressed concrete columns were obtained by searching for the 
highest possible M–N combinations via a process of iteration in which the edge strains to the 
cross-section were varied and then the stress distribution over the cross-section was integrated. From 
the interaction diagrams with various numbers of strands (in Figure 5), we can see that with high 
normal force, the load capacity under combined axial load and bending moment is greater when the 
number of strands is small than in the cases involving larger numbers of strands. This is due to the 
central compression caused by prestressing forces. Under conditions of low normal force, on the other 
hand, the central prestressing force increases the bending capacity of the cross-section. 

As this figure shows, adding more strands in the case of the stub column reduces the load capacity, 
while incorporating additional strands into the slender-column structure increased the load capacity of 
the column. An interesting observation is that the normal-force capacity of slender columns is reached 
soon after the tensile stress rises to the tensile strength of the concrete at one side of the column cross-
section. That is, the column fails almost immediately after cracking occurs. 

 

 
Figure 5. The cross-section’s capacity figures for combined bending and axial force, and column behaviour 

plotted against numbers of strands, for columns with slenderness ratios of λ = 73 and λ = 137.  

The curves plotting normal force against second-order deflection for rigidly connected cantilever 
columns (λ = 137) are presented graphically below. Figure 6 shows that after the amount of deflection 
corresponding to the buckling force, the force must be lower if one is to achieve a balance between 
external and internal bending moments. 
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Figure 6. Normal-force–horizontal-displacement curves for rigidly connected cantilever columns. 

As the second-order deflection increases, the bending moment too rises. At first, the relationship 
between the two is linear. For sine-wave-form deflection, this means that the bending stiffness is 
constant. After buckling, the behaviour is clearly nonlinear, as is illustrated in Figure 7. 

 
 

 
Figure 7. Curves for bending moment – second-order deflection for rigidly connected cantilever columns. 

The uniform concrete compression stress due to the centrally imposed prestressing is usually about 
5 MPa (Lin & Burns 1981). Consequently, 8 strands in a 380·380 mm2 cross-section might suffice, 
with regard to both transportation and installation. With 12 strands, the corresponding stress in the 
concrete would amount to roughly 7.5 MPa.  

5. Sensitivity analysis 

Sensitivity analysis has been conducted to clarify the significance of the various potentially relevant 
variables for the normal-force capacity of a prestressed slender concrete column. The general structure 
in the case considered was that presented in the introduction: a cross-section of 380·380 mm2 with 
L0 = 15 m (λ = 137) and L0 = 8 m (λ = 73), 8 strands, short-term load, and eccentricity ei = L0/400. 

Sensitivity analysis for the concrete’s compressive strength was conducted by varying the strength 
between C25 and C90. As Figure 8(a) shows, the magnitude of the compressive strength of concrete 
has more influence in stub columns in which the cross-section fails through crushing than in slender 
columns wherein the failure mode is buckling. 

Adjusting the location of the strands had only a minor effect on normal-force capacity, as Figure 
8(b) attests. Switching from the 50 mm distance to a theoretical condition in which all of the strands 
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are centrally located in the cross-section decreases the normal-force capacity value by 3% to 4%. The 
influence of the strands’ location is slightly greater in slender columns than in stub columns.  

 
(a)                 (b) 

    
Figure 8. Sensitivity analysis for a) the concrete’s compressive strength and b) strand distance from the edge 

of the cross-section. 

Figure 9(a), below, shows that increasing the effective prestress reduces the normal-force capacity 
in stub columns while the corresponding capacity of slender columns rises slightly. Varying the 
number of strands in the column cross-section yields a quite similar effect. However, with very high 
strand numbers, the axial-force capacity falls also in slender columns, as is indicated by Figure 9(b). 

 
(a)              (b) 

       
Figure 9. Sensitivity analysis a) of changes in prestressing and b) for the number of strands. 

The prestressed column was compared to a concrete column with 4Ø25 rebar reinforcement, which 
offers approximately the same normal-force capacity for the slender (L0 = 15 m) column as the 
prestressed structure for which the calculations presented above were performed. As the following 
diagram (Figure 10) illustrates, with 4Ø25 reinforcement, the normal-force capacity in the case of the 
slender reinforced column was found to be NR = 1830 kN, as compared to NR = 1890 kN for the 
prestressed column with 8 strands and NR = 1950 kN with 12 strands. With 4Ø25 reinforcement, the 
steel cross-section area was 1964 mm2, which is 1.8 times that in the 12-strand case and 2.6 times the 
figure for the case with 8 strands. 

Relative to the stub column case, prestressing does not bring the same advantages it does in the 
case of slender concrete column. The normal-force capacity of the 4Ø25-reinforced stub column was 
14% greater than the capacity figure for the case with 8 strands. Thus, the advantages in the use of 
prestressed concrete columns emerge as especially evident with slender columns – for example, in 
cases that involve stiffening a high single-storey building by means of cantilever columns. 
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Figure 10. Cross-section M–N capacities and column buckling capacities for three reinforcement cases and 

two cantilever lengths. 

6. Conclusions 

Buckling failure of the slender prestressed concrete column was observed to occur soon after the first 
crack appeared. Because of the associated phenomenon, the bending stiffness of the column was 
nearly constant until buckling. This observation can be exploited in the development of a simpler, 
streamlined design procedure for slender prestressed concrete columns. 

The calculation results show that the reduction in required steel material with a slender column, 
relative to reinforced columns, is significant when prestressing is applied. This is due to the stiffening 
effect of the prestressing. That said, our sensitivity analysis indicated that the prestressing level had 
only minor significance for the prestressed slender column’s behaviour in the examined case. Varying 
the number of strands in the column cross-section yields a quite similar effect. With more strands in 
the cross-section, the capacity of the stub column slightly decreased, while the opposite effect was 
witnessed for the slender column: its capacity increased. However, with a high strand count, the axial-
force capacity fell, also in slender-column scenarios. 

The compressive strength of the concrete had a clear effect on the axial-force capacity of the 
column, but the effect was distinctly greater in prestressed stub columns than in prestressed slender 
columns. The location of the strands within the cross-section had only minor significance for the 
prestressed column’s behaviour. 
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