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Finite Element Analysis of U 
Welding Repairs 

nderwater 

Strain levels for three different underwater weld repairs on ship hulls were 
determined and recommendations given 

BY C. L. TSAI, P. L. YAO A N D  J. K. H O N G  

ABSTRACT. The application of underwa- 
ter welding for the repair of ship or ma- 
rine structures has greatly increased re- 
cently due to the significant costs and 
time-consuming nature of unscheduled 
or emergency dry-docking of ships. 
However, low ductility of the weldment 
might prevent more applications. To in- 
vestigate the performance of welded ship 
structures, finite element analysis (FEA) 
was conducted to evaluate the effect of 
wet weld ductility. Three cases of ship 
repair welds were analyzed: 1) patch 
welds for ship hull repair, 2) skeg, aft hull 
fillet welded attachment, and 3) sea 
chest/rudder connection. Actual weld 
joint geometry and mechanical behavior 
of base plate and weld metal were used 
to perform a full 3-D elastic-plastic 
analysis. The strain levels in weld metal 
and loaded ship hull plate were deter- 
mined. The effect of low tensile elonga- 
tion properties of underwater wet weld- 
ing on structural performance was 
analyzed. Design recommendations 
were developed. 

Introduction 

Current underwater welding technol- 
ogy can produce "code-quality" welds if 
a dry chamber system is used, but the 
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large pressurized air chamber used to ex- 
clude water from the work area has high 
operational costs, which makes the 
process economically difficult. The alter- 
native to the "dry" welding process is the 
manually performed "wet" welding 
process. Underwater wet welding for 
structural repair has been used exten- 
sively in the offshore oil industry. The 
success of such repairs has led to an in- 
creasing interest in the repair of a ship or 
marine structure. However, the eco- 
nomic advantage of this simple welding 
process is traded off by the adverse ef- 
fects of the water environment. The water 
environ ment greatly restricts the visibility 
of the welder and the freedom of manip- 
ulation of the welding process. 

Underwater wet welds have inferior 
properties compared to their in-air coun- 
terparts. Rapid cooling due to the water 
environment causes high hardness and 
low ductility characteristics. U nderwater 
wet welds are also plagued by a suscep- 
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tibility to hydrogen embrittlement (Ref. 
1). To solve these problems, some work 
has been done on of various means of re- 
moving water from joints during welding 
using mechanical enclosures (Ref. 1) or 
improving the impact strength by use of 
a flux-cored wire (Ref. 2). Some work has 
been done on improvement of welding 
techniques and materials, new underwa- 
ter wet welding electrodes (Refs. 3, 4), 
and development of a fitness-for-service 
design solution (Ref. 5), but little atten- 
tion has been received in evaluating the 
influence of low-ductility weld metal on 
the structural performance of underwater 
wet welded ship structures. 

This paper presents the effect of low 
tensile elongation properties of under- 
water wet welding on the ship structural 
performance. Reported wet welding duc- 
tility values are below the ductility that is 
required (14-24%) by Navy and com- 
mercial specifications (Ref. 6). To evalu- 
ate the significance of ductility values of 
underwater wet welding, a series of finite 
element analyses was conducted. They 
include three cases of weld connections 
in the ship structure: patch welds for ship 
hull repair, hull fillet weld attachment, 
and sea chest/rudder connection. The re- 
sults showed that low wet weld ductility 
indeed could limit the application of un- 
derwater wet repairs. However, through 
a proper design approach, the use of low 
ductility wet welds will not deteriorate 
structural performance. 
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Fig. I - -  Stress-strain curves for A36 steel and SK electrode at 70°£ 
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Fig. 3 - -  The mesh used to model plate and welded patch. 
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Fig. 4 - -  The maximum principal strain vs. hydrostatic pressure. 

Constitutive Behavior of Base Metal and 
Weld Metal 

According to ANSI/AWS D3.6-93 
specification for underwater welding, an 
all-weld-metal tensile test was used to in- 
vestigate the mechanical properties of 
welds. The stress-strain curves are for a 
base metal of A36 steel and the wet weld 
metal is Sandvik Aquasand 5A made 
under 37 ffw water depth. No necking 
(reduction-in-area) occurred in all un- 
derwater wet weld samples. In other 
words, there is no obvious reduction in 
area. All wet weld samples fractured in a 
brittle fashion. 

The maximum principal strains in the 
connection and in the wet weld under 
the design load conditions were calcu- 
lated by finite element analysis. An un- 
derwater wet weld is acceptable if the 
maximum principal strain of the wet 
weld is less than 60% of its fracture 
strain. The wet weld is also acceptable if 
the maximum principal strain in the base 
connection reaches its fracture strain be- 
fore the wet weld under the ultimate load 

conditions (i.e., when either the weld or 
base material reaches the respective frac- 
ture strain value). This fitness-for-service 
design concept ensures that the wet weld 
should not fail prematurely before the 
base material failure, although the wet 
weld has a smaller fracture strain (i.e., 
less ductility) than the base material. 

Finite Element Analysis 

The ABAQUS computer code was 
used for the 3-D nonlinear finite element 
analyses in this study. Eight-node, solid 
brick elements were used to generate the 
finite element connection models. Ac- 
tual weld configurations were simulated 
by the solid elements with refined 
meshes along the wet welds. 

Patch Welds for Ship Hull Repair 

The ship hull consists of plates and 
shells stiffened by longitudinal and trans- 
verse stiffeners, or bound by bulkheads 
or frames. Each bound panel is supported 
along its four edges by these reinforcing 

members. Depending upon the location 
of these panels, the edge supports can be 
treated as either simply supported or 
fixed boundary conditions in the design 
analysis. 

In the case of welding a square patch 
plate (12 x 12 x 3/8 in.) to a ship hull panel 
(48 x 24 x 3/8 in.) fixed along its four edges 
using a full-penetration bevel-groove 
joint (Fig. 2), the finite element analysis 
was conducted to determine the maxi- 
mum principal strains in the weld and in 
the base plate as the pressure increases to 
its ultimate load. 

In the finite element model, a quarter 
of the panel was modeled due to the con- 
ditions of load and geometric symme- 
tries. This quarter model consists of 1500 
eight-node, solid elements in five identi- 
cal element layers. The mesh pattern of 
each layer is shown in Fig. 3. The weld 
metal was modeled with 196 solid ele- 
ments. The through-thickness geometry 
change of the bevel-groove joint in the 
model was roughly considered. 

The maximum stressed location in 
this panel is in the middle region along 
the long-edge support. The maximum 
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Fig. 6 - -  The mesh used to model the plate and fi l let welded attach- 
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Fig. 5 - -  The geometry and loading conditions for the hull  f i l let welded 
attachment. 
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Fig. 7 - -  The maximum strain vs. F 1. Fig. 8 - -  The maximum strain vs. F 2. 

stressed location in the weld metal is in 
the region near the long-edge support of 
the panel. The locations of the maximum 
principal strain were located in the above 
corresponding area. As shown in Fig. 4, 
the maximum principal strain at the max- 
imum stressed location develops much 
faster than that in the wet weld as the 
pressure load increases. The panel be- 
comes unstable at 800 Ib/in. 2 pressure 
because the base plate reaches its ulti- 
mate strain (~u,BM -= 1 9%), while the weld 
metal is at about 50% of its ultimate 
strain (Eu,WM = 9%). The panel at the 
long-edge support fractures (fracture 
strain, E u BM = 3 5 % )  at approximately 
1200 Ib/in. 2 (i.e., the fracture load of the 
panel), while the weld metal is still 
smaller than its ultimate strain (9%) and 
is at 65% of its fracture strain (13%). 
Therefore, the Sandvik A5 electrode is 

suitable for the underwater patch weld- 
ing repairs of the ship hull. 

Skeg, Aft Hull Fillet Welded Attachment 

Structural attachments to the ship hull 
plating are sometimes required for dock- 
ing and other purposes. A typical exam- 
ple is that a plate bracket is welded to the 
skeg, aft hull plating, by an all-around fil- 
let we ld - -  Fig. 5. Upon docking the ship, 
this plate bracket is subject to both forces 
parallel (F 1) and transverse (F2) to the 
plate at the top of the bracket. In the case 
example studied here, a bracket of 12 x 8 
x 1/2 in. is welded to the panel (48 x 24 x 
3/8 in.) underwater using Sandvik A5 elec- 
trodes. The finite element model (Fig. 6) 
contains 1864 solid elements. Refined 
meshes were used around the weld joint. 

The longitudinal force, F1, causes 
bending in the weld and the bracket about 
their major axis and the transverse force, 
F2, results in bending in the weld and the 
bracket about their minor axis. The rela- 
tive significance in terms of ultimate 
strength and instability of the weld and the 
bracket may be represented by their re- 
spective plastic section moduli. The plas- 
tic section modulus is defined as the arith- 
metical sum of the statical moments about 
the neutral axis of the parts of the cross 
section above and below that axis. This is 
also defined as the plastic moment di- 
vided by the yield stress. The bracket has 
the plastic section moduli of 8 in. 3 and 0.5 
in.g about its major and minor axes, re- 
spectively. The respective moduli of the 
weld are 6.9 in. 3 and 0.74 in. 3. The rela- 
tive differences are that the section 
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Fig. 11 - -  The max imum strain vs. the axial force F v. Fig. 12 - -  The max imum strain vs. transverse load F H. 

strength of the weld joint is 14% smaller 
about the major axis and 48% higher 
about the minor axis than the bracket. 
Therefore, the maximum principal strain 
in the weld is anticipated to be greater 
under longitudinal load and smaller under 
transverse load than the bracket. 

With regard to bending of the ship 
hull plating, the longitudinal force cre- 
ates high stresses in the middle region of 
the long-edge support due to the short 
span between the panel support and the 
end of the bracket. The transverse force 
causes a small bending stress in the panel 
due to the long free span between the 
bracket and the short-edge support. 

Figures 7 and 8 show the maximum 
principal strains in the weld metal, the 
ship hull plating, and the bracket vs. F 1 
and F2, respectively. Under transverse 

load (F 2) the bracket has higher maxi- 
mum principal strains and the ship hull 
has the least strain magnitudes - -  Fig. 8. 
The maximum strained location in the 
bracket is in the region close to the weld 
joint. The maximum strained location in 
the weld metal is in the weld toe. The 
bracket becomes unstable at 2200 Ibf 
due to small plastic section modulus, 
while the weld is still in the elastic state. 
However, if the load is applied longitudi- 
nally (F I) to the bracket, the weld joint 
becomes the most critical component in 
the connection - -  Fig. 7. The maximum 
strained location in the bracket is in the 
short-edge end close to the weld joint. 
The maximum strained location in the 
weld metal is in the weld toe. The bracket 
is the least strained member due to a 
large plastic section modulus. The weld 

reaches its fracture strain (I 3%) at about 
I 0,000 Ibf, while the bracket and the ship 
hull are still 11% and 3%, respectively, 
under the fracture strain of the A36 steel 
(35%). Therefore, the underwater wet 
weld joint made with the Sandvik A5 
electrode will be inadequate for struc- 
tural repair of this connection. To relax 
the weld strain, the load must be redis- 
tributed over a greater weld area by re- 
designing the connection. The fillet weld 
size must be increased by 20% ( i .e . ,  

1 4 % / 0 . 7 0 7 )  to obtain the equivalent 
strength of the bracket 

Sea Chest/Rudder Connection 

To simulate a chest/rudder connec- 
tion in a ship structure, the finite element 
model uses a pipe (196-in. length, I/2-in. 
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Fig. 13 - -  The geometry and loading condi t ions for chest/rudder con- 
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thickness, and 8-in. diameter) to repre- 
sent a rudder shaft. This pipe shaft is 
welded to the ship hull plating (48 x 24 x 
gg in.) and fixed along its four edges using 
an all-around bevel-groove joint geome- 
try - -  Fig. 9. This pipe shaft is subject to 
both axial pressure force (F v) and trans- 
verse force (F H) at one end and simply 
supported radial around the edge at the 
other end. Only half of the connection 
needs to be modeled due to plane sym- 
metry. The finite element model consists 
of 2072 solid e lements -  Fig. 10. 

The axial, thrust force (F v) is trans- 
ferred through the weld by shear to the 
ship hull plating. This shear force results 
in bending of the hull plating and the 
pipe at the intersection. Therefore, both 
the weld and the pipe are subject to a 

mixed shear and 
bending effect. High stresses at this con- 
nection location are anticipated. The wet 
weld is a critical part of the connection. 
High stress in the hull plating is in the 
middle location of the long-edge support 
due to plating bending. 

Since the pipe penetrates through the 
hull plating and continuously extends 
beyond the intersection, the transversely 
applied load (F H) causes rotation in the 
hull plating and bending in the pipe. The 
weld is strained by rotation of the con- 
nection and its strain magnitude is con- 
strained by the rigidity of the hull plating. 
Therefore, the wet weld is primarily 
strained by the axial thrust force instead 
of the transverse force. 

The maximum principal strains in the 

weld, the rudder pipe and the ship hull 
plating were plotted by increasing F v in 
Fig. 11 and F H in Fig. 12, respectively. 
The finite element stress analysis shows 
that, under the axial, thrust force, the 
maximum principal strain in the weld is 
the greatest among the three connection 
components when the force is below 
50,000 I b f -  Fig. 11. The most strained 
location in the weld is in the region near 
the rudder pipe. Note that the maximum 
principal strain in the pipe at the con- 
nection increases rapidly and surpasses 
the strain in the plate due to the bulging 
of the pipe wall caused by inelastic bend- 
ing. The most strained location in the hull 
plating is in the middle region of the 
long-edge support. 

The weld reaches its fracture strain 
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(13%) before the pipe because the frac- 
ture strain is two and a half times larger 
(35%). The weld fractures at about 
320,000 Ibf while the pipe is at 68% of 
its ductility. This wet weld is not ade- 
quate for the connection. 

Under the transverse load (F H) the 
pipe may fracture before the weld. The 
maximum strained location in the pipe is 
in the region close to the weld joint. The 
pipe exceeds its fracture strain at 7500 
Ibf, while the weld and the hull plate are 
still at a strain level smaller than 5%. 
Under this loading condition, the weld 
becomes noncritical and the wet weld is 
adequate for the connection. 

To remedy the ductility problem asso- 
ciated with the wet weld under thrust 
load, the load must be diffused into the 
hull plating through additional load- 
transfer passes. These load-transfer passes 
are called "load diffuser." Figure 13 
shows that brackets are used to diffuse the 
load. These brackets are attached to the 
pipe in the open air, and then welded to 
the hull plating underwater using double 
fillet welds. The thrust force is transferred 
not only through the bevel-groove weld 
connecting the pipe and the plate, but 
also through the brackets at locations dis- 
tant from the groove weld (i.e., to avoid 
stress concentration). In the finite element 
model, these brackets were modeled 
using 68 shell elements (Fig. 14). 

The effect of using brackets to rein- 
force the wet weld was investigated with 
two design parameters: the number and 
the thickness of the bracket. In this study, 
a total of six cases, using two brackets 
with 3/~6-in. and 3/8-in. thick plates, using 
four brackets with 3/~6, 3/8 and 3/4-in.-thick 
plates, and without any bracket, were 
studied. Figures 15 and 16 summarize 
the maximum principal strains in the 
weld and the rudder with different 
bracket designs. Adding the brackets re- 
duces the strains not only in the weld, but 
also in the pipe. These figures demon- 
strate that under 300,000 Ibf thrust force, 
which causes weld fracture in the joint 
without reinforcement, the weld will not 

fracture, nor the pipe, if two 3~ 6-in.-thick 
brackets are added to the connection. 

Since the strains in both the weld and 
the pipe are reduced by adding the 
brackets to the connection, the ultimate 
thrust load is increased by 17% (from 
300,000 to 350,000 Ib) when four brack- 
ets are used. Although the weld fractures 
before the pipe, this example demon- 
strated the concept that, with a proper 
design of the connection, the Sandvik 5A 
electrode wet weld can be made ade- 
quate for ship repair. 

Conclusions 

The design approach is an effective 
means to circumvent the inferior me- 
chanical properties of "wet" welds for 
underwater ship repair. Note that the 
welding residual stress, which exists in 
the joint area, was not considered in 
these models. Even the residual stresses 
could result in the underestimate of the 
stress/strain field in the weld metal, the 
design approach will not be affected. The 
design criteria is based on the fact that all 
underwater wet welds have lower ductil- 
ity and fracture toughness than their in- 
air counterparts. However, a structural 
connection carrying loads may be un- 
evenly stressed due to rigidity variation in 
the connection members. Placing un- 
derwater wet welds in low-stress areas or 
restraining the strain magnitude in the 
wet weld to its ductility limit, by redi- 
recting the load to other areas of the con- 
nection using brackets or stiffeners (i.e., 
load diffusers), will relax the strength re- 
quirements of the wet welds. Under the 
dynamic load conditions, using the flex- 
ible intermediate connection elements, 
which are prefabricated on land and then 
wet welded to the structural member un- 
derwater, can cushion the energy stresses 
on the weld joints. Minimizing the en- 
ergy stresses in the wet welds reduces the 
cracking susceptibility even though the 
welds have low toughness. 

This design approach, together with 
understanding of the mechanical proper- 

ties of wet welds, can effectively achieve 
the intended structural performance of 
the wet-welded connections. 
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