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Abstract 

High tensile strength steel such as 950 MPa class is used in 

hydropower plant components due to its lower cost and 

higher reliability.  This steel is already used for penstocks in 

the Kanna-gawa and Omaru-gawa hydropower plants in 

Japan.  Proper welding is one of the most critical factors to 

ensure integrity of the plant components against brittle 

fracture from weld defects.  For example, preheat- and 

interpass-temperature controls are essential to avoid weld 

defects and to ensure strength, since the weld process induces 

residual stress and possible weld deformations such as 

angular distortion or unevenness.  Undermatching (lower 

strength in weld metal than in the base plate) makes high 

strength steel plate become easier to use for welding because 

restrictions in the welding process can decrease by using 

softer welding consumables.  Tensile strength in welded 

joints increases near the base plate when the undermatched 

zone is not much wider than the thickness.  When the 

appropriate welding conditions for assuring strength and 

preventing brittle fracture are clarified, it becomes clear to be 

possible to use undermatched joints for penstock.   

In this paper, numerical simulation of stress-strain behavior 

during the weld process is performed by considering the 

microstructural effect due to phase transformation.  Phase 

transformation data is obtained from measured dilatometric 

curves in continuous cooling transformation (CCT) diagrams.  

Phase transformation data involves many parameters, 

including not only the maximum temperature, cooling rate 

and heat input, but also the superposition of multi heat cycles.  

Then, the characteristics of deformation and strength in a 

welded joint of 950 MPa class steel plate for penstock with 

undermatched region, which is equivalent to using weld 

material with lower strength level, are discussed to expand 

the allowable welding conditions in penstock fabrication.   

Introduction 

High tensile strength 950 MPa class steel, HT950, which is a 

steel used in penstocks, was developed to provide two vital 

properties: fracture arrest to stop brittle failure, and high 

weldability.  It is now coming into use for penstocks in the 

Kanna-gawa and Omaru-gawa hydropower plants in Japan 

[1]-[2].  To widely employ high tensile strength steels in 

penstocks in the future, fewer restrictions on their welding 

conditions are required [3]-[4].  One proposed solution is to 

develop steel that needs no preheat, but this creates other 

problems.  Such steels contain rare components and thus 

tend to be very expensive.  In addition, it can be quite 

difficult to conduct non-destructive inspections, because in 

order to resist cracking of the welds, these steels must contain 

large amounts of austenite, which blocks the detection of 

faults.  Much more time is needed before such steels can be 

fully utilized.   

Another approach that avoids development of new weld 

materials is to undermatch the strength of the filler metal to 

the underlying material.  This allows use of conventional, 

low-strength rod and less pre-heating, or no pre-heating at all, 

and process management is also easier [5]-[6].  To expand 

the use of high tensile strength steel in penstocks designs 

incorporating undermatched components with superior 

weldability, it is necessary to clarify the influence of the 

strength and deformation of welded joints in HT950 steel on 

the overall deformation and strength of penstock joints.   

When the soft region is relatively narrow, the static tensile 
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strength of the joint is higher than that of the soft material 

due to the plastic constraints.  Previous studies [7]-[10] have 

shown that there are softening conditions under which the 

joint strength can be assumed to be close to that of the base 

material.  One of the goals of the present research was to 

assess the influence of the weld strength and shape, 

particularly, the filler metal strength, weld thickness, groove 

angle, changes in the angle during welding and misalignment, 

on the deformation and strength of pipe elements, which are 

the fundamental components of penstock.  In other words, 

the goal was to identify the range of working conditions that 

provide the needed strength for the basic constituents of 

penstock.  In addition, softening of the heat affected zone, 

HAZ due to actual welding processes was reproduced in a 

numerical simulation with transient heat conduction analysis.  

It was found that these measures, in combination with the 

appropriate processes and detailed measurements of strength, 

allow the welding engineer and welder to establish acceptable 

margins for the welding process even when low-strength 

filler material is used.   

Experiment 

Materials and welding conditions 

Experiment is done by using a 26 mm-thick HT950 steel 

plate developed for penstock. The plate is manufactured by 

TMCP; Thermo-Mechanical Control Process [11]-[12].   

Tensile test results are shown in Table 1.  Sufficient tensile 

property as 950MPa class steel is obtained.   

Four welded joints are prepared by multi-pass welding with 

the following weld conditions as shown in Table 2, where 

welding condition is decided to control weld metal strength in 

envisioned tensile strength range.  Mark 1 is matching 

weldment and the same as current combination in actual 

hydropower plant.  Marks 2 and 3 are undermatching 

weldment with 780MPa and 570MPa class welding material, 

respectively.  Edge preparations for Marks 1 to 3 are a 

conventional shape for welded joints for penstock, Groove 1, 

as shown in Fig. 1.  Mark 4 is the weldment in which 

570MPa class welding material and narrow edge preparation, 

as shown in Groove 2 of Fig. 1 is used.   

Preheating and controlling interpass temperature is used for 

fabrication according to the technical standard and guide [1], 

[4], in order to assure the strength of welding material for 

higher strength weld materials.   

 

TABLE 1: TENSILE TEST RESULTS OF BASE PLATE 

Specimen: JIS No.4 ( 14, G.L.=50mm) 

Direction 0.2%YS 

(MPa) 

TS 

(MPa) 

YR 

(%) 

EL 

(%) 

RA 

(%) 

965 984 98.1 24.1 69.0 
L 

970 988 98.2 24.3 65.7 

1031 1032 99.9 20.9 62.3 
T 

1031 1032 99.9 22.7 66.6 

Specification[1] 885 950-1130 - 12 - 

* Sampling position; 1/2t    

Chemical compositions of the base plate and the weld metals 

of each weldment are shown in Table 3.  Hardenability of 

Mark 4 is higher than that of Mark 3, even they used the 

same weld material.  This is due to the dilution of C, Ni, Cr, 

Mo from base plate attributed to narrow groove.  

Macrostructure of each weldment is shown in Fig. 2.   

 

Strength distribution of weldments 

Welded joint includes large amount of heterogeneity in 

strength in general.  Strength distribution in the welded joint 

is quite important for mechanical discussion of the effect of 

intentional change of strength of weld metal.  Tensile test 

results of weld metal, which are extracted from the welded 

joint in Fig. 2, are shown in Table 4.  As lower the welding 

material used, the more 0.2% yield stress YS and tensile 

stress TS decreases.  The difference between strength of 

mark 4 and that of mark 3 has roots in the change of 

hardenability due to the difference of width of edge 

preparation and dilution.  Matching ratio is calculated to be 

1.02, 0.87, 0.68 and 0.73.   

 

 
 

(a) Groove 1 (b) Groove 2 

FIGURE 1: EDGE PREPARATIONS 

 

  

  
FIGURE 2: MACROSTRUCTURE OF WELDED JOINT 

 

Hardness distribution of weldments 

Hardness distributions in the welded joint are also measured 

on the cross-section.  Hardness near HAZ changes 

according to the differences of welding thermal history.  For 

evaluation of hardness change during various thermal cycles, 

simulated thermal cycle test is performed.   
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TABLE 4: TENSILE TEST RESULTS OF WELD METAL 

Mark 
0.2%YS 

(MPa) 

TS 

(MPa) 

RA 

(%) 

Sr 

[TSWM/TSBM] 

926 999 64.3 
1 

929 1009 61.2 
1.02 

772 840 70.0 
2 

809 879 70.1 
0.87 

623 677 75.3 
3 

587 660 72.5 
0.68 

664 730 72.8 
4 

620 704 69.9 
0.73 

* position: 1/4t in backing pass side 

** specimen: 4mm ,G.L.=10mm 

 

A total of 8 thermal cycles, shown in Table 5, are executed in 

the simulated thermal cycle test [13].  Four maximum 

temperatures and two cooling rates were combined in a 

two-stage heating process.   

The purpose of this test was to simulate real welding cycles, 

so the second stage maximum temperature was always lower 

than the first stage maximum temperature.  Table 6 shows 

the experimental conditions, and Table 7 shows the results of 

Vickers hardness of the specimens after thermal cycling.  

These indicate that even in Condition #4, which resulted in 

the greatest amount of softening, the hardness remained at 

approximately 90% of that of the original material.  This 

tendency is of course the same as the actual welded joints, 

whose results are shown later with the computational 

distribution.   

TABLE 2: WELDING PARAMETER 

Mark 
Edge 

preparation 

Shielded 

gas 

Welding 

consumable 

preheat 

(°C) 

Inter-pass temp.[aim] 

(°C) 

Current 

(A) 

Voltage 

(V) 

Speed 

(mm/min.) 

Heat input 

(kJ/mm) 

1 950MPa class 125 100~125 [125] 

2 780MPa class 100 100~220 [175] 

3 

#1 

4 #2 

Ar80% 

-CO2 
570MPa class N/A ~250 [200] 

270 31.0 310 1.62 

 

TABLE 3: CHEMICAL COMPOSITIONS OF MATERIAL USED (RESULT OF CHECK ANALYSIS) (MASS%) 

 C Si Mn P S Ni others Ceqw Pcm 

Base plate 0.10 0.21 0.96 0.005 <0.001 1.49 Cu, Cr, Mo, V, Nb, B 0.55 0.26 

1 0.08  0.29  1.20  0.004 0.002  2.52  Cu, Cr, Mo, V 0.65  0.28  

2 0.07  0.39  1.10  0.010  0.001  2.41  Cu, Cr, Mo, V 0.51  0.24  

3 0.06  0.35  1.40  0.011  0.005  0.27  Cu, Cr, Mo, V 0.43  0.19  

Weld 

metal 

4 0.07  0.34  1.30  0.010  0.003  0.52  Cu, Cr, Mo, V 0.47  0.21  

TABLE 6: CONDITIONS OF MULTIPLE SIMULATED WELD 

HEAT CYCLE 

No. 1st cycle 2nd cycle  No. 1st 

cycle 
2nd cycle 

1 a -  11 e - 
2 a b  12 e f 
3 a c  13 e g 
4 a d  14 e h 
5 b -  15 f - 
6 b c  16 f g 
7 b d  17 f h 
8 c -  18 g - 
9 c d  19 g h 

10 d -  20 h - 
 a to h: Simulated heat cycle in Table 6 

TABLE 7: RESULTS OF VICKERS HARDNESS (HV1)  

IN SIMULATED WELD CYCLE SPECIMEN 

No. Vickers 
hardness 

 No. Vickers 
hardness 

1 346  11 359 
2 347  12 350 
3 332  13 351 
4 283  14 294 
5 344  15 357 
6 361  16 357 
7 297  17 303 
8 346  18 356 
9 317  19 320 

10 311  20 327 
Base plate: 320 HV 

TABLE 5: CONDITIONS OF SIMULATED WELD CYCLE 

 T1 

(ºC) 
tT1 

(s) 
tT1-800 

(s) 
t1200-800 

(s) 
t800-500 

(s) 
t500-300 

(s) 
t300-200 

(s) 
a 1450 2 2 9 19 49 79 
b 1200 2 - 10 20 49 79 
c 1000 2 - 5 21 49 80 
d 800 2 - - 27 50 80 
e 1450 1 2 5 10 30 87 
f 1200 1 - 3 10 30 87 
g 1000 1 - 2 11 30 87 
h 800 1 - - 13 30 87 

 

T1  

1200  

800  

500  

300  

200  

t1sec 

TT1-1200sec 

T1200-800sec 

T800-500sec 

T500-300sec 

T300-200sec 
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Numerical Simulation for Predicting Material 

Hardness from Weld History 

It is well known that the materials in and adjacent to a weld 

differ from the material of the base metal due to the rapid 

heating and cooling of the welding process.  This section 

discusses the procedure followed in the numerical simulation 

to model changes in materials subjected to multiple thermal 

cycles during the course of multi-layer welding.   

In ordinary quenching and tempering, the maximum 

temperature and heating and cooling rates are controlled and 

the entire work piece is held at an approximately uniform 

temperature.  All of these parameters are however unevenly 

distributed during welding.  The process is even more 

complicated due to the abrupt heating and cooling that occur 

in some locations and during multiple pass welding.  

Therefore, the following section establishes a method for 

predicting the hardness of material after welding.  The 

method employed here predicts the hardness of each location 

after a single welding pass and superimposes this process for 

multiple passes. 

 

Method for predicting material hardness in any location 

after the first pass 

First, the factors determining material hardness of the 

maximum temperature Tmax and the elapsed time from 800º C 

to 500º C during cooling process t800 500 are considered.  

When considering the effect of maximum temperature Tmax 

on materials, Ac1 and Ac3, the temperatures governing the 

austenite transformation, are generally important, but the 

effect of Ac1 and Ac3 on the cooling rate or the elapsed cooling 

time t800 500 is assumed to be negligible here.  From the 

experimental results, Ac1 was set at 750º C and Ac3 was set at 

850º C here.  Next, observations were made for the cases 

Tmax < Ac1, Ac1 < Tmax < Ac3, and Ac3 < Tmax.   

For Tmax < Ac1; No austenite transformation occurs when the 

temperature never reaches Ac1, but since the already existing 

martensite is tempered, the hardness is lowered below that of 

the base metal.  If the initial martensite fraction is Vini and 

the reduction during tempering is Vr ( = f (t800 500)), then the 

final martensite fraction after cooling VM is, 

 

VM = Vini  Vr   (1) 

 

Since the time spent at high temperatures is comparatively 

short, however, the reduction Vr is probably not very great.   

For Ac1 < Tmax < Ac3; In some cases, the austenite 

transformation is initiated, but then the martensite 

transformation is also initiated during cooling, causing the 

material to harden.  The fraction of iron transformed to 

austenite depends on Tmax and on the time that the material 

temperature is raised above Ac1.  If the time spent above Ac1 

is determined by t800 500, then the fraction transformed to 

austenite V  is 

 

V  = g ( Tmax, t800 500 )  (2)  

 

A portion of the austenite occurring during heating above Ac1 

is transformed back to martensite during cooling, but the time 

spent above Ac1 is short.  If the cooling speed is rather low, 

some of the initially present martensite is tempered.  When 

one assumes that the portion of the original martensite ini (= 

h (t800 500)) is transformed to austenite and that the portion of 

the resulting austenite  (= i (t800 500)) was re-transformed to 

martensite, the amount of martensite remaining after cooling, 

VM, is 

 

VM = (1  ini )Vini +  V   Vr  (3)  

 

This justifies the possibility for a lower fraction of martensite 

occurring after cooling than in the original material, and 

therefore, for the material to have lower hardness than the 

base metal after cooling.   

For Ac3 < Tmax; In this case, all of the material transforms to 

austenite, and during the abrupt cooling, there is only a small 

volume in which the influence of t800 500 on the temperature 

history during welding can be neglected, although a fraction 

 transforms to martensite.  As a result, amount Va of the 

overall mass of martensite VM after cooling is given by 

 

VM =  Va    (4) 

 

If we assume that the hardness of the material is proportional 

to the amount of martensite VM, then it can be expressed by 

 

HV = aVM + b    (5)  

The initial hardness and the material hardness when VM =  

Va are already determined, so ultimately the material hardness 

HV is  

 

HV = 30 (VM  Vini) / (  Va  Vini) + 320 (6)  

 

The experimentally obtained values for Vickers hardness are 

simply shown in Fig. 3, when the maximum temperature is 

less than Ac1, the hardness reaches 320 HV, the same level in 

the base metal.  When the maximum temperature is greater 

than Ac3, the hardness varies uniquely with t800 500.  When 

the maximum temperature is 800º C, between Ac1 and Ac3, the 

hardness falls to its lowest values; at other temperatures, it 

varies in a linear manner, and can be assumed to vary linearly 

with t800 500.   
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FIGURE 3: SIMPLIFIED VICKERS HARDNESS DISTRIBUTION 
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Under these assumptions, the hardness can be predicted as 

follows:  

When Tmax < Ac1: 

 

HV = 320    (7) 

 

When HV800 is defined as the hardness attained when the 

maximum temperature is 800º C while Ac1 < Tmax < Ac3, then, 

we find that 

 

  (8) 

 

Therefore, 

 

   
(9) 

 

For Ac3 < Tmax 

 

  (10) 

 

Method for predicting material hardness in any location 

after the second pass 

The material undergoes multiple thermal cycles after the 

second pass.  Thus, predictions of the hardness must allow 

for superposition of the influences of the cycles.  When the 

maximum temperature is lower than Ac1, material changes are 

not very great and can be neglected.  When the maximum 

temperature of the final thermal cycle is greater than Ac3, 

nearly all the iron is transformed to martensite, and the 

hardness is the maximum value of 350 HV.  When the final 

thermal cycle Tmax is between Ac1 and Ac3, the hardness 

depends on the history of maximum temperatures.  As 

shown by Eq. (3), this happens because, when the maximum 

temperature is between Ac1 and Ac3, the hardness is affected 

by the amount of previously existing martensite that is 

subjected to the final thermal cycle.  The fraction of 

tempered martensite also varies with the amount of carbon in 

solid solution in the martensite.  Here, on the basis of the 

analytical result that the final hardness after a process having 

a first cycle whose Tmax is 1000º C and a second cycle whose 

Tmax is 800º C is no different from the hardness after a 

process having a single cycle whose Tmax is 800º C, it is 

assumed that the final hardness is determined by the Tmax of 

the final stage when the thermal history includes a 

penultimate stage whose Tmax is less than 1000º C.  In 

contrast, if the Tmax of the penultimate stage is above 1000º C, 

the decrement by which the final hardness is linearly 

proportional to the fraction of remaining martensite after the 

penultimate stage.   

The material hardness can be predicted as follows, in any 

portion of a component subjected to multiple thermal cycles 

during multiple welding passes.  Here, for the n th welding 

pass, the maximum temperature is designated T
max
n , the 

elapsed cooling time is t800 500
n , and the maximum temperature 

reached between the first pass and the (n 1) th pass is T max
1~n

.  

For Tmax<Ac1 

 

HV = HV’    (11) 

 

Where, HV’ is the hardness occurring after the previous 

thermal cycle.   

For Ac1 < Tmax < Ac3 

 

   

     (12) 

 

For Ac3 < Tmax 

 

  (13) 

 

Numerical computation of coupling phenomena between 

heat conduction and microstructure 

Temperature distribution and histories during weld process 

are computed transient heat conduction analysis by the 

non-linear finite-element method, and hardness distribution is 

also calculated by using the equations in the previous section 

described.   

Complicated hardness distribution near HAZ is computed by 

using hardness predicting equations as described the previous 

section.  The comparison of Vickers hardness along the 

centerline of the thickness between measurement and 

numerical analysis is shown in Fig. 4.  Computational 

method is possible to accurately predict hardness distribution 

in HAZ of multi-pass welding with the different strength 

level of weld material by considering phase transformation.   

Numerical Analysis of Effect of Weld Strength 

and Deformation on Joint Tensile Strength 

Fundamental investigation by using the finite-element 

analysis is done in order to study the effect and allowable 

range of weld strength and deformation on joint tensile 

strength.  Table 8 summarizes the mechanical properties 

assumed for the numerical analysis used.  The values for 

Young’s modulus E, yield stress Y, tensile strength T and 

uniform elongation T that are available from the tensile tests 

are employed, and n and  were found from these. Eq. (14) is 

used to identify the relation between equivalent stress and 

equivalent strain for defining the strength used in the 

numerical analysis.   

 

    (14) 
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TABLE 8: MECHANICAL PROPERTIES USED FOR FE ANALYSIS 
Weld metal 

Y (MPa) T (MPa) T (%)  n E (GPa) 

HT950 (BM) 981 1013 7.24 5.6 10-2 0.126 
HT950 (WM) 854 979 5.10 1.3 10-3 0.051 
HT780 (WM) 740 849 7.72 5.7 10-3 0.080 
HT570 (WM) 597 674 10.22 1.7 10-2 0.114 

206 

 

 
(a) HT570 class weld metal 

 
(b) HT780 class weld metal 

 
(c) HT950 class weld metal 

 

FIGURE 4: COMPARISON OF VICKERS HARDNESS BETWEEN 

NUMERICAL ANALYSIS AND MEASUREMENT 

 

Effect of weld metal strength on joint strength 

The two-dimensional model is used for the numerical 

analysis for investigating effect of weld metal strength on 

joint strength.  The groove angle was 0º and the weld metal 

width h was set at 20 mm, the width of the weld on the flat 

surface in the actual work piece.   

Figure 5 displays the tensile strengths of the joints calculated 

by numerical analysis, graphed with respect to the soft ratio 

Sr ( = TSWM / TSBM).  The tensile strengths of the joints 

increased in a nearly linear fashion with the strength of the 

weld metal under the conditions of both plane strain and 

plane stress.   

 

Plane strain

Plane stress

 
FIGURE 5: RELATIONSHIP BETWEEN ULTIMATE TENSILE 

STRENGTH OF JOINT AND SOFT RATIO OF WELD METAL 

 

When materials are incorrectly prepared for use in butt joints 

or when welding operations are conducted in incorrect order, 

strain occurs in the direction perpendicular to the weld line 

and the angles between the components are distorted.  When 

a tensile load is applied on a joint in the above condition, it 

can cause a high stress on the inner faces of the curved 

members, weakening the joint.  Technical Guide of 950MPa 

Class High Strength Steel, JESC-H0001, for Penstock allow 

angles of no more than  = 2.5º [1].  Therefore, numerical 

analyses are carried out on models of a joint incorporating 

angular deformations to examine the resulting effect on the 

tensile strength of the joint.  A two-dimensional model was 

used in the analysis.  Only the weld metal component is 

curved.  The weld metal formed a circular section 

continuing directly from the two straight sections of pipe.   

Figure 6 presents the numerically predicted joint tensile 

strengths in relation to the angle of deformation .  The 

results show that  has a low effect on joint tensile strength, 

regardless of the original weld metal strength or the condition 

of plane strain or plane stress.  This is probably attributable 

to elongation of the joint in the tension direction during the 

tensile test which reduces the deformation angle .   

The maximum value of the measurement in Kanna-gawa 

hydropower plant at the same thickness and the technical 

guide [1] are also shown in this figure.  Less effect has for 

the tensile strength of the welded joint within specified value 

of the technical standard, even if 570 MPa class weld metal is 

used on the 950 MPa class base plate.   
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TABLE 9: RESULTS OF WIDE PLATE TESTS 

Weld 
metal 

t 
[mm] 

Angular 
distortion 
[mm/mm] 

Pmax 

[kN] 

net 

[MPa] 

 at 

maximum 
force [%] 

HT570 26.27 1.96/451 7414 951 1.07
HT570 
(narrow 
groove) 

26.28 2.47/445 7533 955 1.27

HT780 26.28 1.96/450 7786 988 2.91
HT950 26.29 1.74/452 7844 995 2.11

 

Plane strain

Plane stress

JESC-H0001

Kanna-gawa

(a) HT570 class weld metal 

Plane strain

Plane stress

JESC-H0001

Kanna-gawa

(b) HT780 class weld metal 
 

Plane strain

Plane stress

JESC-H0001

Kanna-gawa

 
(c) HT950 class weld metal 

 

FIGURE 6: RELATIONSHIP BETWEEN ULTIMATE TENSILE 

STRENGTH AND ANGLE OF ANGULAR DEFORMATION 

 

When there is misalignment in a butt joint as unevenness, a 

tensile load on the joint results in a bending stress in some 

locations of the joint.  The load can cause high local stresses 

that are not predicted during the design phase of the 

component.  Technical guide specify that misalignment 

must not exceed 5% of the plate thickness [1].  Therefore, to 

observe the resulting effect on joint tensile strength, a 

numerical analysis was performed with a model of a 

misaligned weld joint subjected to a tensile load.  The 

misalignment was set at the normalized quantity of l for the 

analysis.  Slight effect has for the tensile strength of the 

welded joint within specified value of the technical standard, 

even if 570 MPa class weld metal is used on the 950 MPa 

class base plate, as the same case of angular distortion shown 

in Fig. 6.   

All results from the two-dimensional numerical analysis 

show that the condition on the plane strain, which is almost 

simulated actual penstock boundaries, indicates higher tensile 

properties of the welded joint than that of base plate within 

the specification of the technical guide [1].   

Effect of Undermatching on Tensile Strength of 

Actual Welded Joint Simulated Penstock 

In order to evaluate stress-strain relation such as ultimate 

tensile strength and uniform elongation in actual structure, 

wide plate tests are performed.  Configuration of the wide 

plate specimen is shown in Fig. 7.  This specimen is 

fabricated by the base plate shown in Table 1, at the welding 

condition in Table 2, with the weld material in Table 3.   

Results of wide plate tests are shown in Table 9.  All welded 

joints have tensile strength more than 950 MPa, even when 

570 MPa class weld material is used for undermatched 

connection.  Comparison of stress-strain relationship 

between the numerical analysis and the experiment are shown 

in Fig. 8.  Very good agreement is obtained in each welding 

undermatched condition.  Results and the procedure of the 

computational analysis is thus validated.  Narrow groove 

with 570 MPa class weld material in 950 MPa class base 

plate has high tensile strength as the same with evenmatched 

welded joint.   

 
FIGURE 7: CONFIGURATION OF A WIDE PLATE TEST SPECIMEN 

Summary 

The method of undermatching weld metal strength to base 

metal is useful for obtaining good weldability when joining 

high-tensile strength steel HT950 in penstocks of hydropower 

plants.  Fundamental numerical simulations are employed to 

examine the effect of weld material strength and shape on 

HT950 joint deformation and strength.  This influence is 

critical in the design of welded joints where undermatching is 

aggressively employed.  A computational method was also 

established for reproducing thermally driven softening during 

actual welding operations.   
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(a) HT570 class weld metal with normal groove 
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(b) HT570 class weld metal with narrow groove 
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(b) HT780 class weld metal with normal groove 
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(d) HT950 class weld metal with normal groove 

 

FIGURE 9: COMPARISON OF STRESS-STRAIN RELATION 

BETWEEN FEM RESULTS AND EXPERIMENTAL RESULTS 

The procedure for the detailed numerical simulation proposed 

in this paper enables to predict the hardness of welds and 

stress-strain relationship in welded joint with remarkable 

accuracy.   

When this procedure is applied in real welding operations on 

penstock of high tensile strength steel, with the result of 

brittle fracture effect reported in next paper, it may be 

possible to establish welding conditions for widespread use 

that provide good margins in joint strength, even when 

low-strength material is used as the weld metal.   

The second paper will report brittle fracture behavior and 

fracture assessment for the undermatched joint of 950 MPa 

class base plate.   
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