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CRACK INITIATION AND PROPAGATION 
IN A PRESS COLUMN UNDER COMPRESSIVE LOAD 

One of the worst accidents that can take place in industrial presses is related to the risk 
of generating cracks in the columns. In order to avoid press columns from being subjected 
to tensile stress in the loading phase, the columns are sometimes assembled pre­ 
compressed, so that nominal stress maintains negative values throughout the work cycle. 

Previous researches have considered cracks propagating under cyclic compressive 
loads in notched specimens. In these cases, the fatigue cracks are initiated at the notch 
root due to residual tensile stresses and grew at a progressively decreasing speed 
before arresting. The subject of the present paper is to give a paradigmatic example of 
crack initiation and propagation also in a general compressive field. 

SYMBOLS 

o Y = yield strength 
E = Young's modulus 
K = static strain hardening coefficient 
n = static hardening exponent 
K' = cyclic strain hardening coeffi cient 

n' = cyclic hardening exponent 
o ' r = fatigue strength coefficient 
E' r = fatigue ductility coefficient 
b = fatigue strength exponent 
c = fatigue ductili ty exponent 
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1. Introduction 

Huge industrial presses are composed of a closed frame with two columns 
and two transverse elements. Compressive load is generated by an oleo­ 
dynamic power pack, which generates the displacement of a piston, whose 
cylinder is sustained by one of the transverse elements. During the work 
cycle, when the compressive load is transmitted, the two columns are 
subjected to relevant tensile stresses, Fig. 1. 

i tli 
llll 

Fig. I. Classic configuration 

+ 

Fig. 2. Press with pre-compressed columns 

In order to reduce the stress level, columns are sometimes assembled in 
a pre-compressed state. The entity of such pre-compression is established, so 
that nominal stress remains negative throughout the cyclic loading phase. 
Nevertheless, it has been observed that even in pre-compressed columns, 
cracks can initiate and grow at a considerable rate. The present study 
investigates the causes of crack initiation and propagation in an industrial 
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press column. This press is able to generate a high vertical load (up to 46 MN) 
so that stiff components can be compressed. The compressive stress has been 
estimated by theoretical and experimental analyses, Fig. 2. 

The opportunity to carry out a complete test campaign on a prototype has 
made it possible to verify assumptions and to evaluate several hypotheses in 
order to clarify the unusual behaviour of propagation under compressive 
state. 

Pre-tightening loads are obtained through thin steel belts wrapped around 
the entire press shape for several turns. It was possible to estimate that Fvmax, 
the compressive load generated during assembly in the two columns' is about 
20% higher than the maximum value of the vertical load during the loading 
phase. Through the evaluation of the columns and belts' stiffnesses, 
the forcing diagram is traced and shown in Fig. 3. The columns stiffness 
is much higher than the steel belts one, due to the large size of the two 
columns compared to the section of belts. The slopes of the two lines are very 
different, and the dotted line on the right can be well approximated to 
a horizontal one. 
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Fig. 3. Forcing diagram 

Fr is the maximum value of work load transmitted by the piston and it is 
important to observe that in this condition the compressive load acting on the 
columns is reduced by a quantity Fr' < Fr. Because of the low slope of the 
"Belts" line, as suggested by the figure above, it is acceptable to suppose that 
Fr= Fr', i.e. during the loading phase the extent of pre-compression is lowered 
by a quantity that is equal to the work load itself. Consequently the residual 
negative force acting on the columns can be calculated as (Fvma, - Fr) instead 
of (Fvmax. - Fr'). 
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The initiation of a crack could be noticed after half mill ion work cycles. 
This crack, Fig. 4b, was located in one of the two low strength steel (Fe 510) 
columns, in the heat affected zone of a welded flange. The crack strongly 
increased in two directions of the sharp comer of the column, and after about 
3.5 mill ion cycles, it was about 200 mm long and 45 mm deep . 

. 1 

----t---...L_~:._J_J 

Fig. 4a. Strain gages arrangement 

Fig. 4b. A photo of the crack 

2. M easurement of stress var iation by strain gage analysis 

Several strain gages were located near the crack, in order to estimate loads 
acting on the column during the work cycle. The fi rst tests estimate the values 
of strain during the loading phase. The data from strain gages 3, 5, 6 and 7, 
Fig. 4a, are the most reliable, since these gages are quite close to the cracked 
area, and suffi ciently far not to be influenced by the crack presence. Strain 
variations were registered in the loading phase. Readings and medium values 
are shown in tab. I: on the basis of such data, by applying the Hooke equation, 
the stresses were estimated. 
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Table I. 
Strain gages readings and elaborations 

Strain gauge number Medium readings [ue] Standard deviation [pi;) Stress variation [MPa) 

3 376 1. 15 77 

5 504 1. 00 104 

6 421 2. 65 87 

7 446 0. 58 92 

600 

500 

400 

300 

200 

100 

o 

! Standard deviation 

mi Strain gages medium 
readings 

3 5 6 7 

Strain gage number 

3. Estimation of pre-compression stress 

The aim of other tests was to measure the intensity of pre-compression 
Sc in a no-work condition. Material all around strain gages was removed 
by mechanical cutting. In this way compressive loads were released, 
as confi rmed by positive readings for strains. A medium value of+ 580 µ£ 
has been obtained, corresponding to a stress of about - 120 MPa. It can 
be concluded that the total stress remains negative throughout the work 
cycle. 

4. Hysteresis loop in the welded stru ctures and crack nucleation 

A welding in a comer, connecting a flange on the front size of a column, 
was considered as the possible fi rst cause of crack initiation. 

Due to the welding process and to diff erential temperatures, the presence 
of a residual tensile stress can be hypothesized. Because of the difficulty of 
precise measurement, the residual stress in the welding was simply estimated 
as equal to the yield stress for this type of steel (300 +- 315 MPa). By using the 
local strain approach and the relative equations (1, 2, 3), the hysteresis loop in 
the welded area was estimated, Fig. 5b [I]. 
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1. Following the technological and assembly processes and the loading cycle 
sequence, equation ( l) describes the fi rst path of the stress state, from zero 
to the maximum residual stress value. The yield value was estimated as 
equal to 300-+-315 MPa, in accordance with [5]. Consequently, point A is 
located at the intersection between the curve (1) and the horizontal straight 
line cr = cry. 

2. The columns are then pre-compressed during the assembly phase, and 
through the solution of the set of equations (2) it is possible to calculate 
stress and strain at point B. 

3. Finally, the set of equations (3) describes stress and strain at point C that 
corresponds to the maximum work load and in this way the closed work 
cycle is described by the hysteresis diagram between point B and point C. 
Point C does not coincide with point A, because the maximum load is 20% 
lower than the pre-stressed one. 
Fig. Sa shows the qualitative behaviour of the isostatic curves of the stress 

distribution due to the pre-compression of the columns. Sc is the nominal 
stress constant on the mean section. A value of 4.2 was estimated for the stress 
concentration factor with reference to nominal stress Sc. The estimation of the 
maximum stress in the comer D (indicated in Fig. Sa) was performed by finite 
element analysis, and the Kt factor was obtained by referring the maximum 
value to the nominal stress Sc (Fig. Sc). 
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Fig. Sa. Qualitative stress distribution due to pre-compression of the columns 
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Fig. Sb. Stress - strain hysteresis diagram 

Fig. Sc. FEM analysis on stress maximum value in the corner D 
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11 £ 

2 
( 4) 

By using the Manson Coffin model (4), it was possible to estimate the 
number of working cycles up to crack nucleation. This number, 4.5 · 105 

cycles, appears to be highly consistent with the number observed during 
machine work, in fact the first visible crack was detected after about half 
mill ion cycles. 

5. The reversed flow plastic zone effect 

By looking at the diagram above, it can be noted that the minimum stress 
value (state B) is beyond yield compression threshold- (3 y· It is reasonable to 
suppose that, after initiation, the crack is surrounded by a compression 
yielded zone. Literature research has shown that a compressive overload can 
be the cause of crack propagation even if the stress intensity factor related to 
the following load is below the threshold [6], [7], [9], [10], [11]. In [8] a fi rst 
explanation is given: in a cracked specimen subjected to compressive cyclic 
load, a residual tensile stress is generated at the crack tip when the maximum 
load is released. 

o 

applied 
w 

-o, 

o 

QW 

applied -o,---- 
w 

cyclic tension cyclic corrp ression 

Fig. 6. Applied and residual stress (cyclic tension and cyclic compression) [9] 

In [9] it is specified (see Fig. 6 on the right) that when the maximum 
compressive load is released, the yield in tension is reached. The same theory 
can be used also in the case of a positive cyclic stress (see Fig. 6 on the left): if 
a positive yield is reached at maximum load, stress decreases to the negative 
yield stress after the load release. This is a very well known effect and is used 
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in order to prevent crack propagation in large pressure vessels. This effect, the 
"reversed flow plastic zone effect" is explained in [1], with reference to 
a cracked specimen subjected to cyclic nominal compressive load, Fig. 7. 

m n m ttt ttt m 

rn II ttt t II t1 11 111 
Compressive 
load 
application 

rn Ill I Ul Ill I !Il 
Load 
release 

Residual 
tensile stress 
at the crack tip 

Fig. 7. Graphic representation of the reversed flow plastic zone effect 

When maximum compressive load is applied (on the left), a compression 
yielded zone is generated at the crack tip, then at load release (i.e. during 
component compression, point C in the hysteresis cycle), the material tends to 
relax, but such relaxation is prevented by permanent deformation. As 
a consequence, a residual tensile stress is generated, as is shown in the final 
configuration on the right. 

6. Pr imary crack propagation 

The graphic in Fig. 8 from [8] shows that, as the number of cycles 
increases, the crack length increases to reach an asymptotic value, which 
means the crack propagation rate decreases to zero. The reversed flow 
plastic zone effect is able to explain only the primary propagation, but not 
the secondary one that has been observed in the present case. Direct 
monitoring on the press columns shows that, in spite of the information 
contained in diagram below, the crack is still propagating, with a considerable 
rate. 

A possible explanation of the secondary propagation is provided by the 
following observation. 
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Fig. 8. Relationship between the crack length and the number of cycles [8] 

7. Secondary crack propagation 

The primary crack propagation and related final arrest of the crack does 
not properly represent the actual phenomenon. A clear experimental evidence 
demonstrates that a secondary propagation takes place, since the distribution 
of strain along the crack axis has an approximately hyperbolic shape as shown 
in Fig. 9 (experimental curve). 

Strain variations at the crack tip (angular direction for 8 = O) during the 
working cycle were estimated by strain gage measurements, Fig. 9 and Tab. 2. 
A chain of nine active gage grids was used for this test. As the Wheatstone 
bridges are balanced before load application, the readings do not take into 
account the effect of pre-compression on columns. Since the experimental 
curve is related only to work load cycle, it does not represent the real strain 
distribution nearby the crack tip. With reference to a crack closure model, it 
seems to be empirically correct to lower the measured strain by a quantity that 
is equal to pre-compression strain estimated in par. / and 3 (equal to 580 µ£, 
according also to the forcing diagram profi le previously reported). The points 
in the low part of fig. 9 represent the real strain curve. Consequently, a large 
zone at the crack tip becomes in tension in the phase of load application. 
Finally, experimental evidence makes sure that propagation according to 
mode I is present. Moreover during the loading phase the crack opening 
displacement becomes quite evident, which confi rms the presence of a tensile 
state of stress. The explanation of the phenomenon is the following. Crack 
itself generates a redistribution of the stress state: because of not negligible 
crack extension, the column starts to be subjected to a bending moment effect, 
which justifies the generation of a tensile stress. 
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Fig. 9. Experimental results of strain gage measurements 

Table 2. 
Stress intensity factor estimation 

Distance from the crack Measured strains Real strains ~ K, 

tip r [mm] [µ£] [µ£] [&] [MPa& ] 
15.3 762 179 9.80 419 

16.9 699 I 16 10.30 279 

19.15 656 73 10.97 184 

20.8 623 40 11.43 104 

22.8 591 8 11.97 22 

24.7 566 -17 12.46 - 

26.9 557 -26 13.00 - 

29.1 537 -46 13.52 - 

30.7 527 -56 13.89 - 

In the following step, experimental data allow an estimation of the stress 
intensity factor and of the crack propagation rate. According to the three-term 
model for the stress field around the crack tip and to the Hooke law, it is 
possible to write equations (5) and (6). Let a- and s be stress and strain along 
both horizontal and vertical Cartesian coordinates at angular direction for 
0=0 

Ki 3 K, r 5 Ki ( r) 2 

a-- -- +---- - - ---- - 
- # 2nr 4# 2nra 32# 2nr a 

( 5) 
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1 - V 
E=--CJ 

E 
( 6) 

Combining (5) and (6) in equation (7) makes it possible to calculate 
a value of the stress intensity factor K1 for each of the experimental data 
corresponding to diff erent distances from the crack tip: 

EE 
1 - V 

Ki= 1 3 1 r 
--+-·--·-- 
! 2 nr 4 ! 2 nr a 

5 1 ( r)2 
_, __ , - 

32 ! 2 nr a 

(7) 

Different values of the stress intensity factor are estimated at different 
distances r from the crack tip. It is possible to note that the stress inten­ 
sity factor decreases as the distance becomes higher with linear distribu­ 
tion (as plotted in Fig. 12). The equation of the best fi t interpolating line 
(8) is: 

K1 = - 135.6 ·-fin·{-;. + 1684.6 (8) 
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Fig. 10a. Relationship between theoretical and experimental results [3] 
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Fig. I Ob. Stress intensity factor distribution as an elaboration 
of Constantinescu's experimental results 

In the theoretical case, this line should be horizontal, 1.e. the stress 
intensity factor should not vary with the distance. However, recent experien­ 
ces by Constantinescu, Fig. 10a [3] have shown that strain values decrease 
with respect to distance with a slope higher than the theoretical one. These 
results were obtained for (r/a) ranging from 0.25 to 0.8: for a crack depth 
a equal to 45 this range corresponds to a distance from 11 to 36 mm. Since 
strain gage chain grids were located at distances from 15 mm to 31 mm, 
this ensures that the present results can be compared to [3]. The diagram in 
Fig. 10b is an elaboration of the results shown on the left: by the application of 
equation (7), the stress intensity factor is expressed with dependence on the 
square root of the distance. Also in this case, a linear distribution with 
negative slope is obtained. 

The following step of the study was to evaluate an acceptable value for the 
stress intensity factor. The presented stress model is a singular one, since 
stress tends to infinity when the distance from the crack tip tends to zero. In 
reality, stress cannot exceed the yield value because of stress redistribution. 

It can be observed that the stress intensity factor is correctly defined at 
a suff iciently low distance from the crack tip. For this reason it appeared 
acceptable to estimate the value of K 1 at the border of the plastic zone [4]. 
Fig. 11 indicates that the direct estimation of Kr, neglecting the redistribution 
of stress due to the plastic zone size, is not fully correct. A more reliable value 
of K 1 can be estimated at the border of the plastic zone (i.e. at a distance rpr 
from the crack tip, or, that is the same, at the fictitious crack tip, indicated with 
dashed line in Fig. 11 ). Since the plastic zone size depends on the K 1 value, the 
K1 estimation at the border of the plastic zone can be carried out only by an 
iterative method. The equations (8) and (9) were applied, the last one is the 
relationship between the stress intensity factor and the plastic radius. 
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K 1 3 KI r pl 5 K 1 

a, = 0-y = (j = ! 2 7[ r pl + 4 ! 2 7[ r pl • a - 3 2 ! 2 7[ r pl (,. )2 pl. a = 0-y " Tp1 

( 9) 

The iterative process starts with the choice of a possible value of the 
stress intensity factor. Then, at the generic (i-th) step, a value of K 1 (K 1,,,) 

is known from the previous one. By employing (9) it is possible to calcu­ 
late the current value of the plastic radius and to determine its square root 
and finally, by using the interpolating equation (8), a new value for K 1, 

K 1(/.
1
,. This result constitutes the input for the following iteration step. 

The procedure is synthesized by formulas (10, 11) and by the diagram 
in Fig. 12. 

Ki" '= 896MPa! mm (10) 

= 315 ~ ! rP1u,\, = 1.16! mm ~ rp1(,,I) = 1.34mm (11) 
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Fig. 11. Stress redistribution at the crack tip 
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Fig. 13. Convergence of the iterative process for stress intensity factor calculation 
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After about 10 iterations, Fig. 13, values of 1165 MPa! mm for the stress 
intensity factor and of 2.3 mm for the plastic radius rp1 were estimated 
(marker in Fig. 12). In order to obtain confi rmation for the calculated K1, the 
crack propagation rate was estimated by using the Paris law (12) and was 
compared to direct monitoring on the machine. 

da 
dN = C· !1K111 = 0.35µmlcycle (12) 
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This value (red marker), though estimated by an approximated law, is 
close to the mean one observed for the crack propagation rate (Fig, 14), 

8. Second order effects 

Experimental measurements made it possible to estimate shear disp­ 
lacements between points A - B and C - D. The maximum extent of such 
displacements was about 40 µm, Then, a possible influence of Kn and Km can 
be hypothesized, 

Fig. 15a. Meaning of displacement terms 

Fig. 15b. Collocations of points A, B, C, D 

K _ u,,G-Jn = u"E-fn 
u - ffr· (1 - v) ffr· 2· (1 - v)(l + v) 

u,G-Jn u,E-Jn 
K111 = --- = ------ 

ffr ffr· 2· (1 + v) 

(13) 

(14) 
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The obtained values are quite relevant, in particular 1163 MPa! mm for 

Kn and 660 MPa! mm for K111, consequently also propagation according to 
modes II and III cannot be excluded. 

9. Conclusions 

On the basis of the evidence of the experiments, the fracture phenomenon 
in compression can be explained and modelled as follows: 
• the comer and the welded joint are responsible for the nucleation, because 

of residual tensile stress; 
• the "reversed flow plastic zone effect" can explain a primary propagation; 
• at the larger extension of the crack, stress intensifi cation at the crack 

tip related to a bending moment effect (during the loading phase) pre­ 
vails on the nominal compression and is able to justify a secondary 
propagation. 

• This "reversed flow plastic zone effect" is generated not only at the crack 
tip, but also in all the points where the yield compression strength is 
overcome. Consequently, a good design solution is to avoid any corners 
and discontinuities that could locall y amplify the pre-compression nominal 
stress, which may lead to overcome the yield threshold: these points during 
the loading phase become stressed in tension. 

• It is not possible to exclude a synergie effect on the propagation due to 
modes II and III . However this effect is only a second order one, being the 
fir st mode, clearly visible, the prevailing one. 

Manuscript received by Editorial Board, February 07, 2005; 
final version, September 23, 2005. 
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