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1 Introduction 

Metallic structures subjected fatigue loading, e.g., steel 
bridges and steel cranes, are prone to fatigue damage, 
which degrades the mechanical performance of steel 
structures. Several techniques exist to combat the fatigue 
problems of steel structures, for instance, impact crack 
closure retrofit treatment [1], unbonded/bonded CFRP 
strengthening [2], and unbonded/bonded Fe-SMA 
strengthening [3][5]. The main mechanism for fatigue 
strengthening is to reduce the local stress concentration 
at the crack tip typically by: (1) introducing extra stress 
transferring paths and (2) introducing compression to the 
cracked section. 

In this study, an innovative technique, WAAM (also known 
as 3D-printing metal), is used to solve the fatigue problem 
of steel structures. The process of WAAM repair is to de-
posit melted steel wire onto the target area in a steel sub-
strate and waiting until it cools down to the room temper-
ature. Two main benefits will be discussed in the following: 
(1) the local stress is reduced as a result of increased net
cross-section (deposited steel material), and (2) compres-
sive stress can be generated during the cooling process

provided that the deposition path is well designed. To in-
vestigate the efficacy of the WAAM repair, three fatigue 
tests were conducted in this study: (1) a reference plate 
without any repair/strengthening; (2) a plate repaired by 
WAAM with as-deposited profile, and (3) a plate repaired 
by WAAM, which was subsequently machined to a pyramid 
profile to reduce the stress concentration at the deposition 
root. FE simulation of these three plates was conducted to 
assist explaining the experimental results and understand-
ing the mechanisms of the WAAM repair. 

2 Methods 

To assess the effectiveness of the proposed strengthening 
system, two fatigue tests were conducted on the WAAM-
repaired steel plates. The specimens used were mild steel 
plates of grade S355J2+N with a central notch cut by elec-
trical discharge machining (EDM), as presented in Figure 
1. The same specimen configuration was used in studies
[3]–[5] to investigate other strengthening strategies. The
steel plates have a yield strength of 421 MPa, an ultimate
tensile strength of 526 MPa, and an elastic modulus of 205
GPa [4].
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2.1 Initial damage by precracking 

Residual stress stem from the EDM machining of the notch 
shown in Figure 1. Therefore, the plates are precracked to 
eliminate the effects of the machining on the crack tip and 
create a sharp crack tip. The plates were subjected to 
100,000 cycles with Δσ=75 MPa and R=0.2 to propagate 
the half crack length from 7.5 to approximately 8.5 mm. 
The plates were subsequently strengthened. 

 
Figure 1 Details of the specimen before precracking and repair, 
total specimen length was 850 mm and thickness 10mm. 

2.2 WAAM repair 

The WAAM deposition experimental setup can be found in 
Figure 2. It included a Kuka 6-axis industrial robot with a 
MTB500 Cold Metal Transfer (CMT) torch and Fronius 
power supply. 

 
Figure 2 The setup for strengthening using WAAM. 

CMT was chosen for the deposition process as it reduces 
the heat input and minimises the distortion. The deposition 
is conducted at a constant starting temperature for each 
layer and alternated the deposition sides between the top 
and bottom surface every layer to reduce potential distor-
tion. The specimen plate was linished to ensure perfect 
bonding between the WAAM deposited material and the 
original plate. The process parameters can be found in the 
Table 1 below: 

Table 1 Process parameters 

Process CMT 

Synergic line CMT 1355 with 1.0mm wire 

Gas Pureshield Argon + CO2 

Wire ER90 

Arc length correction 0% 

Wire feed speed 5.8 m/min 

Travel speed 10 mm/s 

Bead Width 4.8 mm 

In process temperature 20 °C 

The repairs consisted of a square patch of 30 by 30 mm 
and 8 mm thick deposited on each side of the plate cen-
tered on the initially machined notch. The result of the de-
positing process can be seen in Figure 3 (a) and (c). Since 
the depositing process is similar to the welding, which po-
tentially induces new fatigue problems due to the stress 
concentration and residual stress etc., one of the repairs 
was machined to a pyramid like shape (Figure 3(b) and 
(d)) in order to reduce the stress concentrations at the 
depositing root. 

  

(a) As-deposited WAAM (b) Machined WAAM 

  

(c) (d) 

Figure 3 Geometry of steel plate repaired with WAAM. (a, c). As-
deposited, (b, d) Machined (in mm) 

2.3 Static and fatigue experiments  

To investigate the strengthening efficacy, fatigue tests 
were conducted on all the specimens. Prior to the fatigue 
tests, a static test was carried out on the machined sam-
ple, to better understand the mechanism of WAAM 
strengthening and validate the finite element (FE) model 
via strain field comparison. The plate with machined 
WAAM repair was tensioned to 100 kN (nominal tensile 
stress was 66.7 MPa) under load control and then un-
loaded to zero force without any expected damage to the 
plate. The loading rate was 0.5 kN/s, and the sampling 
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rate was 5 Hz; a 3D digital image correlation (DIC) tech-
nique was utilized to measure the full-field strain, with an 
image acquisition rate of 1 Hz. Both the static and fatigue 
tests were conducted in a servo-hydraulic testing machine 
(Walter & Bai) with a maximum capacity of 500 kN. The 
test and measurement setups are shown in Figure 4. 

Fatigue tests of the two WAAM-repaired plates were con-
ducted under load control. The maximum and minimum 
tensile stress on the nominal cross-section are 93.75 MPa 
and 18.75 MPa, respectively, with a stress range of 75 
MPa, a stress ratio (R ratio) of 0.2, and a frequency of 10 
Hz. For tracking the crack length and the corresponding 
fatigue loading cycles, a beach-marking loading regime, 
with an increased R ratio of 0.6, was used; the minimum 
nominal stress became 56.25 MPa, while the maximum 
nominal stress was kept unchanged. 

  

(a) (b) 

Figure 4 Experimental setups. (a) Static test with 3D DIC meas-
urement, (b) Fatigue test setup. 

2.4 Finite element modelling of WAAM repair 

In order to have deeper insight into the mechanism of the 
WAAM strengthening, the three plates, i.e., a reference 
plate, an as-deposited WAAM repaired plate, and a ma-
chined WAAM repaired plate, were modelled using FE soft-
ware ABAQUS 2017 [6]. In this study, a fast simulation 
approach, comprising the inherent strain (IS) technique as 
a computationally efficient method, was adopted to predict 
the residual stresses introduced during the WAAM process. 
The IS technique was applied and validated in the simula-
tion of large welded structures [7]–[12], which have very 
similar process as the WAAM repair. 

The geometries, dimensions, and mechanical properties 
used in the FE models were the same as those used in the 
experiment. Moreover, the same mechanical properties 
were considered for WAAM material in both as-deposited 
and machined WAAM repaired specimens. Due to the ge-
ometrical symmetry, only one-eighth of the samples were 
modeled as shown in Figure 5. Most elements in the steel 
plate and as-deposited WAAM elements were defined as 
C3D8R elements, while C3D6 elements were used to 
model the wedge elements around crack tip with very fine 
radial mesh, as depicted in Figure 5. In addition, the ma-
chined WAAM (the pyramid-like) detail was modelled by 
C3D10 elements. The interface between WAAM and the 
steel plate in both models was considered as “tie”. The 
crack was modeled in ABAQUS by defining crack tip and 

crack extension direction. A uniformly distributed tensile 
pressure, σ, as shown in Figure 5, was applied at the two 
ends of the steel plate. 

 

Figure 5 Model, boundary conditions and mesh of the reference 
sample in ABAQUS 

The stress intensity factor (SIF) at the crack tip of the ref-
erence plate obtained via J-integral was compared with 
that estimated from Equation (1) to validate the FE model. 
In Equation (1), a and w are the half crack length and 
width of the specimen respectively. A good agreement is 
found as the two approach deviate only 2.85 as shown in 
Table 2. 

𝐾𝐼 = √sec⁡(𝜋𝑎𝑤 ) ⋅ 𝜎 ⋅ √𝜋𝑎 (1) 

Table 2 SIF comparison 

SIFAnalytical (N/mm3/2) SIFFEM (N/mm3/2) Error (%) 

488.24 502.35 2.8 

 

3 Results and Discussion 

3.1 Static test and strain measurement 

Figure 6 shows a comparison between the experimentally 
measured strain using DIC and the computed strain in the 
FE model at the end of the static loading of the machined 
plate, with a tensile force of 99.6kN. Figure 6 (a) displays 
the two lines on the sample surface, on which the strains 
were extracted for analysis; a centreline (L1) passes 
through the middle of the deposited strengthening, and a 
reference line (L0) locates 18.5 mm away from the cen-
treline. The strain profile in the loading direction along L0 
and L1 are displayed in Figure 6 (b) and Figure 6 (c), re-
spectively. A general agreement was observed between 
the experimentally measured and FE computed strain on 
these two lines, suggesting that the IS technique and the 
selected elements are appropriate to model the WAAM re-
paired steel member. The slight fluctuations in the exper-
imental results are within the range of the noise of the DIC 
technique. 

3.2 Fatigue tests 

Figure 7 shows the fatigue tests results in the form of a-N 
curves, half crack length vs. fatigue loading numbers. Four 
specimens are used: a reference plate [3] and the two 
WAAM-repaired plates tested in the current study. Additio 
nally, in order to compare the efficiency of the proposed 
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repair technique with the conventional repair using com-
posite materials, the results of repair using bonded carbon 
fibre reinforced polymer (CFRP) strips [3] were also de-
picted. 

The bonded strengthening with (non-prestressed) bonded 
CFRP strips reduces the stress intensity at the crack tip by 
introducing extra stress transferring paths, hence, retard-
ing the crack propagation speed. In the end, the fatigue 
life was enhanced from 0.94 million to 1.6 million. While 
the life extension is considerable, this result needs to be 
considered with caution due to the limited amount of re-
sults. When WAAM repair is used, no crack propagation 
was observed from the existing crack. However, a new 
crack initiated at the edge of the front WAAM profile (dep-
osition root), as shown in Figure 8, and the final fatigue 
life was 2.22 million cycles. For the machined specimens, 
neither fatigue crack propagation of existing crack nor new 

crack initiation at the depositing root was observed after 
6 million effective cycles. The authors further increased 
the fatigue load level by 20% (maximum and minimum 
nominal stress are 112.5 MPa and 22.5 MPa, respectively), 
and the fatigue test ran 3 million more effective cycles. 
Again, no sign of fatigue damage was observed. It can be 
then concluded that the crack propagation of existing 
crack is fully arrested, however, there is a chance of new 
crack initiation at the interface between the WAAM profile 
and the steel substrate. The risk for formation of this new 
fatigue crack initiation can, however, be reduced by ma-
chining the deposited WAAM detail to provide a smooth 
transition. 

 
Figure 8 Fracture surface of as-deposited WAAM repair specimen 
with three regions: (a) fatigue crack initiation and through thick-
ness propagation, (b) crack propagation through the width direc-
tion, and (c) brittle rupture. 

3.3 FE simulations and discussions  

The aim of the FE modeling in this study is to investigate 
and understand the effect of WAAM repair on fatigue crack 
retardation and arrest. Figure 9 (a) and (b) show the sim-
ulated longitudinal residual stresses of as-deposited and 
machined WAAM samples, respectively, prior prior to any 
loading. The tensile residual stress was generated during 
the cooling process with WAAM solidification. These stress- 
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(a)  

  
(b) (c) 

Figure 6 Comparison between experimental strain measured by DIC and strain computed by FE modelling under an applied load of 
99.6kN. (a) Location of L0 and L1. (b) Strain profile 18.5 mm away from the middle of the sample. (c) Strain profile on L1, passing 
through the repair. 

 
Figure 7 a-N curves of fatigue specimens. Machined WAAM repair 
specimen is not shown in this figure, since no sign of fatigue damage 
is shown after 6 million fatigue cycles and 3 more million cycles at 
20% increased load level. 
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es induced a balancing compressive stress in the steel 
plate and especially around the crack tip as shown in Fig-
ure 10 (a) and (b). Figure 10 (a) and (b) depict the longi-
tudinal stresses at the locations of the red dashed lines in 
Figure 9 (a) and (b) of the two WAAM repaired plates. The 
blue solid curves show the stress state prior to external 
loading (after applying WAAM repair), while the orange 
dashed curves depict the stress state after applying the 
external load. It is clearly seen that due to the WAAM re-
pair, the crack tips were brought to the compressive side, 
and the external load applied in the current study could 
not open the crack tip. This is the reason that no crack 
propagation of the existing crack was observed in these 
two plates during the fatigue tests.  

Figure 11 depicts the computed SIF against the applied 
load of the three plates. Note here, the negative values of 
the SIFs, though lacking physical meaning, demonstrate 
the absence of the crack driving force. Similar results can 
be found in [4]. For these WAAM repaired plates, their 
crack tips are under compression during the whole fatigue 
loading process, with applied load ranging from 28.1 – 
168.7 kN. This further explains the fatigue crack arrest 
phenomenon for the existing crack. Moreover, some simi-
larity was found between WAAM repair and the pre-
stressed strengthening using CFRP strips [3], [4], [13] and 
iron-based shape memory alloy (Fe-SMA) strips [2] [3], 
as they all introduce compression in the steel plate around 
the crack tip and bring extra stress transferring paths. 

 
Figure 11 Magnitude of the stress intensity factors for the refer-
ence and repaired samples as function of the applied load 

Although the WAAM induced compression prevented the 
existing crack tips from propagation, the high stress level 
at the welding root would lead to a new problem: fatigue 
crack initiation from the WAAM-steel interface. Figure 12 
shows the longitudinal stress in steel plate for as-depos-
ited and machined WAAM samples. Due to the geometrical 
discontinuity and the cooling contraction during the WAAM 
process, a high stress level close to the yielding stress is 
observed at the depositing root, see Figure 12 (a). In the 
end, new fatigue crack initiated at the depositing root un-
der fatigue loading, and this finally led to the failure of the 
plate. By machining the WAAM details to a pyramid shape, 
the stress level at the depositing root was reduced from 
422 to 258 MPa, which is approximately half of that with 
the as-deposited WAAM details. After 6 million cycles and 
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Figure 9 Longitudinal residual stress distribution due to WAAM process (in MPa). (a) Steel plate repaired with as-deposited,WAAM (b) Steel 
plate repaired with machined WAAM. 

  

(a) (b) 
Figure 10 Longitudinal stress along the dotted lines in Figure 9 before and after loading. (a) Steel plate repaired with as-deposited WAAM, 
(b) Steel plate repaired with machined WAAM 
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3 million cycles with increased load level, no sign of crack 
initiation was observed, which means the machined 
WAAM-repair has not only arrested the existing crack but 
also prevented a new crack initiation. 

 
(a) (b) 

Figure 12 Stress distribution in steel plate after loading (in MPa). 
(a) Steel plate repaired with as-deposited WAAM, (b) steel plate 
repaired with machined WAAM 

4 Conclusion 

In the current study, WAAM technique was used for fatigue 
strengthening of damaged steel plates. Two cracked steel 
plates with two strategies, i.e., as-deposited and ma-
chined WAAM repairs, were tested under static load and 
fatigue load. FE simulation was conducted to reveal the 
mechanism of WAAM repair. The following conclusions can 
be drawn: 

1. The WAAM repair reduces the stress concentration 
at the existing crack tips by introducing extra stress trans-
fer paths and generating a compressive stress field in the 
steel substrate. At the end, the crack did not propagate 
from the existing crack in both WAAM-repaired samples. 
The mechanism has an analogy with the prestressed 
strengthening using CFRP and Fe-SMA strips. 

2. The WAAM details induce geometrical discontinu-
ity and generate stress concentration, which may leads to 
new crack initiation and eventually limited fatigue life. 

3. Machining the WAAM-repaired details provides a 
smooth geometrical change and dramatically reduces the 
stress concentration at the hotspots to ensure no new fa-
tigue crack is formed at the WAAM-to-steel interface. 
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