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Abstract 

Thermo-mechanical - HSS are considered sensitive to 
thermal cycles. To verify if this reputation is compatible or 
not with difficult welding conditions of on site penstock 
construction, we realized a qualification program of multiple 
repairs. For several severe repairs, the main mechanical 
properties are presented. 

Introduction 

The present hydropower plant, built in 1952-1953 is situated 
in the Pyrenees massif (France). Penstock diameter varies 
from 2 m at the top to 1,6 m at the bottom. Its length is about 
1968 m. This penstock presents a height of 1250 m allowing 
to feed the hydroelectric power plant under a water pressure 
of 125 bars. The installed power on the factory is 195 MW. 
 
A partial reconstruction of the penstock was decided further 
the degradation by stress-corrosion of several hoops situated 
in the low part of this installation. 
 
Based on this fact, it was decided to replace original hooped 
pipes by High Strength Steel (HSS) pipes. The HSS used for 
this operation is the S 500 ML grade according EN 10025 
standard. This grade allows an substantial gain of weight by 
limiting the tubes thickness between 29 and 48 mm. 
 
The technical choice to use HSS was made by reason of the 
low level of dynamic load in penstock and the economical 
gain [1]. A preference was given to a thermo-mechanical 
grade (over a quenched-tempered steel), which allows a 
supply of products with a large thickness range and 
weldability compatible with building site in mountain 
(variable weather conditions, strong humidity). 
 
 
 
 
 

Welding Strategy 

Welding process 
 
According the important works to be realized (700 linear 
meters to install) and difficult conditions of welding on 
mountain site, the welding book has been elaborate so as to 
allow the welding with a wide range of processes (cf. Table 
1). 
 

Welding on site 
ISO standard ASME standard 

136 FCAW (MAG) 

111 SMAW 
136 - 111 FCAW (MAG) - SMAW 

Table 1 : Welding Process used on site 

 
In order to optimize productivity, it was decided to use a 
mechanized welding process (cf. Figure 1). The FCAW 
(MAG) process was thus qualified at the same time in manual 
and also automated conditions. 
 

 
Figure 1 : Mechanized FCAW welding. 
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Manufacturer Commercial designation Material Standard 
Welding 

procedure σy (MPa) σu (MPa) Kv (J) 

Dillinger Hütte GTS Dillimax 500 ML Base metal - 500 ML EN 10025 - 490 610 > 48 (-40°C) 

E 81 T1 Ni 1 M JH4 AWS A5.29 
Lincoln Electric Outersheild 81 Ni1-HSR 

T 50 5 1Ni P M 2 H5 ISO 12632 
FCAW (MAG) 570 620 100 (–50°C) 

E 90 18 G H4 AWS A5.5 
Orlikon Tenacito 65 R 

E 55 6 Mn1NiMo B T 42 H5 ISO 12632 
SMAW 560 630 75 (–60°C) 

Table 2 : Commercial mechanical behaviors for welding  product and HSS base metal [2 , 3 , 4] 

 
 
 
Flux and filler materials choice 
 
Welding products were chosen to warrant characteristics in 
accord with the requirements of the HSS basic metal. 
 
Yield stress (σy) must have a minima of 490MPa. Tensile 
stress (σu) must be over 610 MPa and impact strength over 
48J at -40°C.  
 

For all the selected welding products, the manufacturers 
announce characteristics superior to those of the basic metal. 
 
Welding process qualifications 
 
According to current rules, all welding processes were the 
object of a mechanical qualification (PQR). The results of the 
mechanical tests are presented below (cf. Table 2). The 
obtained values are appreciably superior to the calculation 
note requirement. 
 

Kv (J) at -40°C  σy 
(MPa) 

σu 
(MPa) Weld metal 

Heat Affected 
Zone 

Requirement 490 610 48 

PQR - FCAW (MAG) Outersheild 533 670 90 74 
PQR - SMAW Tenacito 552 661 65 76 
PQR - FCAW (MAG) / 
SMAW 

Outersheild - 
Tenacito 

- 688 63 133 

Table 3 : Mechanical behaviors of qualified weld (site weld). 

 
Cold cracking prevent 
 
All these materials were chosen with the aim of protecting 
material from the cold cracking phenomenon. For reminder, 
this cracking mode appears during the welded joint cooling 
and is the consequence of the combined action of stress in the 
weld, hydrogen presence in material and a fragile 
microstructure (ex: Martensite). 
 
To reduce the influence of these parameters, the base metal 
and the welding products were supplied with low carbon 
contents to limit the Martensite structure development during 
weld cooling. The base metal has a carbon content lower than 
0.09 % and the welding wires have a carbon content lower 
than 0.06 %. 
 
Precautions were also taken to limit hydrogen content in 
materials. All welding products were delivered in H5 quality 

(according to the ISO 12632 standard) and present the 
guarantee of diffusible hydrogen content lower than 5 ml for 
100 g of deposited metal. 
 
Dillinger study assuring the mechanical behavior 
conservation of the HSS base metal for thermal-treatments 
under temperature of 580°C [4]-[5], the choice has been done 
to preheat at 80°C before welding to evacuate humidity 
(considering the high level of humidity on mountain building 
site especially in winter) as well as post-heat at 250°C during 
1 hour to allow hydrogen spreading after welding. 

Mechanical behavior evaluation on multi- 
repair weld 

The cautions taken to avoid cold cracking phenomenon on 
site turned out effective, no cold cracking case having been 
reported. The main defects observed are due to operating 
problems and welders dexterity (lack of fusion, inclusion, 
porosity, imperfect shape…). This type of problem being 
inherent to the welding construction, several repair 
simulations were performed to make sure that, once the 
repairs realized, the local mechanical properties remain 
guaranteed. 
 
The following study presents the qualification tests realized 
on repairs for a weld procedure executed by bi-process 
(FCAW (MAG) – SMAW). This procedure is the main 
process used in the site-welding of the present penstock. 
Repairs simulation presented below represents extremely 
severe and penalizing repairs. The first case concerns a 
triple-repair in the same area. 
 
Welding procedure specification 
 
The weld which will be repair is obtained by means of two 
processes of welding: FCAW ( MAG) for the penstock 
intrados and SMAW for the extrados. The chamfer presents 
an asymmetric X configuration (1/3 - 2/3). The filling is 
realized by automated FCAW (MAG) process for the inside 
part of the chamfer then by SMAW for the outside part. The 
welding energy brings with welding runs is included between 
11 kJ/cm² and 35 kJ/cm². 
 

 

SMAW 

FCAW 

Int. 

ext. 

60° 
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Figure 2 : Typical macrography of the bi-process weld 

 
To avoid a too much important heat input during welding 
operations, a maximal inter-pass temperature of 170°C has 
been fixed, in order to guarantee the base metal 
characteristics preservation. 
 
Triple homogenous repair 
 
This homogenous repair case simulates repair with the same 
welding product used during original welding. To increase 
the criticality of the repair, arc-air gouging was used to 
realized excavation before repairing. 
 
On a same sample, two types of repair has been tested : 
 

A. simple repair on the FCAW (MAG) side.  
B. double repair on the SMAW side  

 
Mechanical test coupon (tensile, impact strength…) were 
machined in the thickness of the weld (transversal section) so 
that all repairs are includes in the specimen. The mechanical 
tests results are presented Table 4. 
 
Mechanical tests realized in the repairs overlapping zone 
gave acceptable mechanical results. The tensile stress (σu) 
result, although conform, remains nevertheless closed to the 
610 MPa minimum acceptable value. 

 
To be noted that the fracture consecutive to the tensile test 
occurred in the welded joint (cf. Figure 4), with an incipient 
in the FCAW (MAG) side, which lets augur a weakness of 
the welded joint in comparison to the base metal. 
 

Kv  (– 40°C)  σy  σu 
Weld metal HAZ 

Requirement 490 610 48 J 

repairs overlapping zone  517 627 87 J min 63 J min 

Table 4 : Mechanical tests results for the triple-repair (transversal tests) 

 
In order to understand the fracture origin and to define if the 
joint sensitivity is linked to the welding product or to the 
Heat Affected Zone (HAZ) accumulation, longitudinal tensile 
tests were realized in the two different types of repair 
(cylindrical tensile specimen machine in the weld metal): cf. 
Table 5 
 

  σy (MPa) σu (MPa) 

Requirement 490 610 

Tensile test in the twice repaired 
weld metal (SMAW) 

 
 

582 646 

480 552 

507 577 

503 587 

508 590 

Tensile test in the Single 
Repaired weld metal (FCAW 

(MAG)) 

 
 

535 600 

Table 5: Cylindrical tensile test results in the two different repaired zones. 

 
 
 
 
 

SMAW 

FCAW 

Int. 

ext. 

1st FCAW rep 2nd FCAW rep 

3rd SMAW rep 

SMAW 

FCAW 

SMAW 

FCAW 

 
 

Figure 3 : Repair diagram 
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Figure 4 : Tensile test coupon of the triple repair joint - Fracture in the weld metal 

 
Tensile tests in the weld metal of the SMAW homogenous 
repair gave results which are very close to the manufacturer 
data (cf. Table 5 and 6). This product has a good behavior 
with regard to the repairs. 
 
Conclusions are different for the FCAW homogenous repair. 
Cylindrical tensile test gave results under the calculation 
note requirements. Those tests have been repeated five 
times. For each cases, mechanical properties were not 
respected. The tensile stress value is systematically under 
610 MPa required 
 
Thus, our attention focused on the FCAW welding wire. The 
manufacturer’s announced properties were compared with 
results from check-test realized on supplied welding product 
(cf. Table 6). 
 
The supplied product presents characteristics below the 
supplier’s announced properties. Tensile stress tangent the 
minimum required value. 
 
Additional tests were realized on supplied welding wire. A 
heat treatment of one hour at 580°C was applied. Yield 
stress falls to 510 MPa and tensile stress reaches to not more 

than 596 MPa. This welding product is therefore very 
sensitive to thermal cycles which could explain its weak 
repair adaptability. 
 
It is interesting to note that although this welding wire does 
not respect the characteristics announced by the 
manufacturer, it is in compliance with the requirements of 
the standard (cf. Table 7). 
 
To be noted that if the welding processes validation had 
been made on the base of the standard specifications and not 
on those of the commercial data, the FCAW welding wire 
would not have been chosen. Indeed, in the sense of the 
standard, product welding tensile stress is in this case lower 
than base metal tensile stress. 
 
Although global mechanical properties of the triple-repair 
coupon were respected, the sensibility of the FCAW product 
to  thermal cycle strained us to exclude homogenous 
repairs on FCAW welds. The local mechanical 
characteristics respect wasn’t guaranteed. 
 
Heterogeneous repair  
 
Heterogeneous repairs qualification campaign in SMAW 
repair process  on FCAW weld was engaged. 2 scenarii 
were tested with welding electrode. The tested 
configurations cover the case of simple repair until the 
extreme case of a repair requiring total elimination of the 
joint : 
 

A. simple SMAW repair on the FCAW welded zone 
B. SMAW repair after gouging all the thickness of the 

welded joint. 
 
The mechanical tests results are presented on Table 8. 
 
 
 

 
 

Commercial data check-test on supplied welding product 
 Material Welding process σy (MPa) σu (MPa) Kv (J) σy (MPa) σu (MPa) Kv (J) 

Dillinger Hütte GTS Base metal - 500 ML - 490 610 > 48 (-20°C) 490 610 > 48 (-40°C) 

E 81 T1 Ni 1 M JH4 Lincoln Electric 
T 50 5 1Ni P M 2 H5 

FCAW (MAG) 570 620 100 (–50°C) 549 618 105 (–50°C) 

E 90 18 G H4 Orlikon E 55 6 Mn1NiMo B T 42 H5 
SMAW  560 630 75 (–60°C) 613 665 64 J (–40°C) 

Table 6 : Comparison between commercial data and check-test on supplied welding product 

 

Material Standard 
Welding 
process σy (MPa) σu (MPa) Kv (J) 

Lincoln Electric T 50 5 1Ni P M 2 H5 ISO 12632 FCAW (MAG) 500 560 - 720 47 J à –50°C 

Orlikon E 55 6 Mn1NiMo B T 42 H5 EN 757 SMAW  550 610 - 780 47 J à –60°C 

Table 7 : Mechanical properties of welding product according standard requirements 
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Kv  (– 40°C) 

 σy 
(MPa) 

σu 
(MPa) Weld metal HAZ 

Requirement 490 610 48 J 

Repair A 602 674 68 mini 183 mini 

Repair B - 683 67 mini 230 mini 

Table 8 : Heterogeneous repairs mechanical test results 

 

SMAW 

FCAW 

SMAW rep 

SMAW 

FCAW 

SMAW rep 

A. 

B. 

 
 

Despite the increasing repairs severity, the mechanical test 
results gave properties over the minimum required values. 
Furthermore,  during those tests, failures appear only in the 
base metal showing the good resistance of the repaired joint.  

Conclusion 

 
Current thermo-mechanical - HSS are a realistic and 
economic industrial solution within the framework of the 
hydraulic construction.   
 
Their weldability is today adapted to the difficult conditions 
such as those of the construction in mountain site. Under 
certain implementation conditions, their cold cracking 
behavior are remarkable.   
 
Although thermo-mechanical steels are considered sensitive 
to thermal cycles, existing marketed steels support thermal 
request of multiple repairs without any problem. 
 
This good adaptation level is however not sufficient for 
construction projects. The realization success depends very 
appreciably on the operating mode of welding. The 
importance of welding processes qualification is therefore 
crucial.   
 
The difficult conditions of welding implementation of on site 
penstock construction can bring welders to proceed to 

localized multiple repairs. It is major to verify the welding 
products stability and their repairs resistance. 
 
The present study put in evidence the big variations which 
can exist within the intrinsic quality of the welding products. 
After investigation, important variation for the same 
commercial product were observed. From a wire batch to 
another, large difference in mechanical properties were noted 
(28 % for yield stress and 24 % for tensile stress). This 
observation demonstrates the importance to perform witness 
samples with regular interval during the manufacturing to get 
ensured that the used welding consumables fulfill the 
constructive requirements. 
 
The large dispersion of mechanical properties on welding 
product shows, the importance to refer to the international 
standard specifications, which were conservatives compared 
to the commercial data more accommodating 
 
The used of SMAW electrode with σu > 610 MPa (standard 
value) allowed a huge possibility of repairs. In this way, four 
local repairs have been tested with success. 
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