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1 Introduction 

3D-Printing or Additive Manufacturing (AM) is, in most cases, the 

process of adding material layer by layer to build a structure. Some 

exceptions do exist, such as the use of holographic to 3D-print an ob-

ject in one step [1]. Nonetheless, Additive Manufacturing is different 

from the conventional subtractive manufacturing processes (like 

milling, drilling …). With the progress in technology it is now possible 

to print nearly every material. Therefore, AM is becoming more and 

more popular in the building construction industry [2, 3]. 

In general, advantages of AM can be described as follows [4]:  

 Function-oriented, individual design of the component,  

 Avoidance of production-ready design, taking into account 

process-related constraints (e.g. cast components, avoid-

ance of undercuts, overhangs, cavities, etc.),  

 No need for formwork and tools,  

 Reduction of waste.  

However, there also some disadvantages [4]:  

 Investment in new machines,  

 Unknown material properties and behaviour, 

 Time consuming manufacturing processes. 

 

At the department of civil engineering of TU Darmstadt the different 

materials applicable for construction industry and their potentials 

are investigated.  

According to the factors mentioned above, especially small compo-

nents with complex shapes or freeform components for architec-

tural reasons seem promising [5, 6].  

2 Additive Manufacturing with steel 

For printing metal different processes are applicable. In order to 

achieve a homogeneous and stable product energy is essential to 

form the solid printing material and join the 3D-printed layers. De-

pending on type of printing material and source of energy the differ-

ent processes can be classified (see Figure 1).  

2.1 Process comparison 

An AM process suitable for steel construction should take into ac-

count the factors for the successful project planning of a building 

(quality, deadlines and costs). Accordingly, it should provide suitable 

material properties and fast production rates as well as low material 

consumption and costs.  
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For foil-shaped starting materials high material and time consump-

tion are to be regarded as disadvantageous [4]. Furthermore, the size 

of the additively manufactured structures is limited by the size of the 

film. The same problems are encountered with powder bed pro-

cesses [7]. 

 

Figure 1 Different processes of 3D-metal-printing divided by type of 

starting material and energy source/glue 

The advantage of powder deposition and wire-based processes is 

that only needed material is utilized. In contrast to the powder bed 

process, no container is required in which the component is pro-

duced. Therefore, the size of the finished component is not limited 

[8]. The disadvantage of a powdered starting material is the need for 

special work safety measures. The problem with wire-based pro-

cesses, however, is the inaccuracy of the final contour [7, 8].  

As a technical process, both binder and sintering have to be critically 

evaluated in terms of quality [4]. Melting is preferable to sintering 

due to the higher density of the resulting structure. With regard to 

the effort required, the electron beam as an energy source is to be 

evaluated poorly, since a vacuum chamber is necessary for precise 

production. 

For steel construction, the advantages of wire-based arc welding 

(WAAM) are predominant, as small dimensions of less than one mil-

limetre are of no significance. More importantly, production rates of 

up to 10 kg/h have already been achieved in high-speed processes 

and the technology is inexpensive and well-known [9–12]. 

2.2 WAAM  

Arc welding is a classical fusion welding process. By utilizing an arc 

as thermal energy the filler wire is melted. It can be assumed that a 

large energy per unit length (as proportional to the energy applied) 

leads to high temperatures in the weld bead. These high tempera-

tures lead to melting and thus to an inaccurate contour. Further-

more, the material properties depend on the energy per unit length. 

In general, it can be seen that a low energy per unit length is more 

advantageous for the material properties. Research is therefore in-

terested in reducing the energy input into the weld seam as far as 

possible in order to limit negative effects [13]. 

Although MX3D from the Netherlands shows that it is also possible 

to print 3D with a normal welding process [14, 15], there are some 

specialized heat-reduced (cold) processes that facilitate production. 

As experimental setup the “CMT Cycle Step” process developed by 

Fronius is used at the TU Darmstadt. In this process, the wire is me-

chanically retracted after the drop separation, allowing for the drop 

to have a defined shape and time to cool down [16–20].  

 

2.3 Geometrical limitations  

For designing a 3D-printed structure it is necessary to know the ge-

ometric limits of Additive Manufacturing. For this purpose literature 

values were used. A minimum width of 2.5 mm is assumed [21]. A fur-

ther parameter of the geometric boundary conditions is the manu-

facturing in constrained positions, here constrained positions up to 

40° are assumed to be possible [13]. 

For the production of the structure, parameter studies were carried 

out. Furthermore, the fabrication of a bridge on site in autumn 2019 

on the premises of the TU Darmstadt has shown that it is also possi-

ble to print cantilevered horizontal structures [20, 22]. 

3 Head plate joint / beam splice 

In steel construction, bolted head plates (like used in the beam splice 

in Figure 2 (left)) are a common connection, which is quite easy to 

produce. However the plate is subjected to bending which makes it 

less economical. A sufficient plate-thickness is required in order to 

transfer the bending moment. Furthermore, some areas, like the 

middle part of the plate, have only very little or no load at all. The me-

chanical T-stub model of the tensile zone has been investigated, ap-

plied and modified for over 50 years [23, 24]. Today's standardized 

concept combines the various investigations and current knowledge 

[25, 26]. 

3.1 Object of investigation 

The paper focusses on the tensile zone of a beam splice for the outer 

row of bolts. As a simplification a possible shear force is neglected. 

The bolts will only be loaded in tension, shear is not considered. The 

dimension of the plate is chosen in such a way that the plate will fail 

under bending. The aim should be that the investigated FE model and 

the actual dimensions of the connection are approximately the same. 

Thus the FE model can provide a good approximation. Furthermore, 

the second row of bolts has approximately the same distance from 

the flange like the first. Provided that the positive effect of the web 

is not considered, the optimization can also be used for the second 

(inner) row of bolts. This can be compared with the simplified calcu-

lation according to EN 1993-1-8 6.2.7.1 [25]. The investigated area 

is shown in blue in Figure 2 (right). 

 

Figure 2 Head plate joint and area investigated (blue)  

The FE model is limited to the T-stub area of the head plate. Instead 

of modelling the bolts they are represented by bearings. According 

to EN 1993-1-8 figure 6.2, the distance between flange and bolt in 

the T-stub model is reduced using the term 0,8 ∙ 𝑎 ∙ √2 [25]. This 

takes into account the load introduction via the weld seam. Due to 

Additive Manufacturing, the weld is omitted for form finding. This is 

the first material saving possibility by Additive Manufacturing. 
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3.2 Form finding by using topology optimization 

To find a new structure topology optimization, one of the three com-

mon categories of structural optimization [27] was used. The optimi-

zation was done using Ansys Workbench. With the SIMP approach 

("Solid Isotropic Material with Penalization") voids are inserted for 

unused, material-wasting areas of the structure. The approach as-

signs only one variable to each element: the ratio of the momentary 

density and the initial density [28]. 

As the minimum compliance describes the sum of the work caused 

by the element displacement over all the elements, it gives conclu-

sions about the stiffness of the component. Therefore, finding the 

minimum compliance is a suitable target function for optimization of 

structures [27]. It is logical that maximum stiffness is achieved if the 

volume remains the same and is not reduced at all. However, this 

trivial solution has no practical benefit, as the component would re-

main the same and no material-saving design would result. There-

fore, a volume restriction was introduced: for a certain proportion of 

the initial volume the arrangement of elements with the minimum 

compliance must be found.  

When using topology optimization for form finding, it must be noted 

that currently used algorithms do not represent non-linearity. Thus, 

neither plasticity, stability problems nor non-linear bearings may be 

considered. In addition, it should be noted that the result of one op-

timization run only gives the stiffest structure and no information on 

whether the output can withstand the applied load. A subsequent 

non-linear analysis of the found structure is therefore always neces-

sary. 

The workflow is shown in Figure 3. At first, the non-linear initial sys-

tem was realistically modelled (A). The boundary conditions defined 

thereby were transferred to a linear system (B). The linear system 

was then optimized for different mass ratios (C). In a subsequent 

non-linear analysis, the payload of each optimized structure was de-

termined (D). 

 

Figure 3 Optimization workflow for one mass restriction 

3.3 Structural analysis 

Figure 4 shows the von-Mises-equivalent stress and the defor-

mation when reaching the load capacity according to mode 1 of the 

T-stub model. The yielded areas are located at the cut of the flange 

and at the area of the bolts. The resulting load is the reference for the 

optimization. 

 

Figure 4 T-Stub under ultimate load von-Mises-Stress (left) and displace-

ment (right) 

For the analysis it was assumed that the additively produced struc-

ture will achieve the steel grade S 235. Likewise, stiffness and mod-

ulus of elasticity should be equal to "normal steel", as initial investi-

gations show [21, 29]. For the load-bearing-analysis a non-linear-

elastic material behaviour must be considered. The material proper-

ties are given in Table 1. 

Table 1 Material behaviour for the different analyses 

Material Property Symbol Value 

L
in

e
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r-
e
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d
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ic

 

L
in

e
a

r-
e

la
st

ic
 Density ρ  7.850 kg/m³ 

Modulus of elasticity E  210.000 MPa 

Poisson’s ratio ν  0,3  

Modulus of shear G  80.769 MPa 

 Yield strength fy  235 MPa 

 

Tangent modulus of 

elasticity ET  0 MPa 

 

3.4 Topology optimization of the T-stub 

In the next step, the system was transferred to a linear system for 

topology optimization. The topology optimization may only be car-

ried out on the basis of a linear stress analysis, therefore the linear 

material properties are selected (see Table 1). The possibility of plas-

ticizing the steel was not considered.  

Compared to traditional manufacturing, Additive Manufacturing al-

lows new (more complicated) geometries. Therefore, the thickness 

of the design space was increased by 100 mm compared to that of 

the original head plate to enable a more effective load introduction.  

It should be noted that there must be sufficient space to tighten the 

bolt for subsequent assembly. A M20 bolt has a wrench size of 

32 mm. A suitable wrench is available from an outer diameter of 

49 mm. This cylinder was left out in the design space.  

 

Figure 5 Comparison of original head plate, design space and optimized 

structure  

Since the mass of the design space is much larger than that of the 

plate, a conversion of the masses from plate to block must be carried 

out (see Figure 5). The optimized geometries are examined for their 

load-bearing capacities in a subsequent non-linear analysis. The re-

sult in comparison to the original T-Stub is shown in Figure 6. 
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Figure 6 Load bearing capacity of different mass restrictions (blue) com-

pared to the original design (red)  

When comparing the optimized structures with the original plate it 

can be seen that two angled braces are formed along the flange. Fur-

thermore, in the lower part of the flange there is always a part still 

connected. This area serves to absorb the compressive forces, 

whereas the braces forming upwards are supposed to absorb the 

tensile forces. This behaviour can be roughly described as a simple 

truss model (Figure 7 right). The assumption that tension and com-

pression struts are formed is confirmed by a stress analysis. Figure 7 

(left) shows that for the 100 % mass.  

 

Figure 7 Tensile (green; >25 N/mm²) and compressive (red; <-25 N/mm²) 

stresses and the deriving truss model 

3.5 Future head plate joints 

Taking into account the potentials of Additive Manufacturing the ge-

ometry can be changed in such a way that efficiency increases and 

less material has to be used. The rearrangement of the mass changes 

the mode of action and almost doubles the load-bearing capacity 

with the same mass. With only 40 % of the original mass, the same 

load-bearing capacity is achieved. The optimized head plate could 

therefore look like Figure 8 in the future. 

 

Figure 8 Future 3D-printed beam splice or beam-column- connection 

4 Manufacturing  

To justify that WAAM is an applicable manufacturing process for 

such a structure it was printed and tested afterwards. As WAAM is a 

quite young process there are no sets of parameters available like 

there are for plastic 3D-printers, for instance [5]. Especially for volu-

minous structures the former research was very limited [30–32]. 

4.1 Starting thoughts 

Parameters which define the geometry and the behaviour of one 

welding seam are at least the travel-speed (TS) of the robot arm and 

the wire-feed-speed (WFS) [21]. For the “CMT Cycle Step” process 

there are additionally the CMT-regulation, the number of cycles be-

fore a pause and the pausing-time. For voluminous structures the 

distance between each weld and the order of printing influence the 

out coming structure. This influence is shown in Figure 9 a) and b). If 

the distance d is equal to the width of the weld w, two separated lines 

will form. It is easy to see that the distance d should be smaller than 

the width w. However, if the distance d is too small, the overlapping 

will lead to an increased height h.  

Even if the seams overlap each other, there is still a valley in between 

the two welds. One way to adjust that problem could be to rotate the 

welding torch. The pretended result of this is given in Figure 9 c) 

(blue line). This leads to a smoother surface.  

 

Figure 9 a) + b): relation between weld seam width (w) and distance be-

tween the seams (d) c): simulated effect of a rotation of the welding torch 

© Johanna Dettki 

Furthermore, the height of each layer has a direct influence on the 

accuracy of the final printed structure. Delicate components, which 

are characterized by small changes in contour, can only be printed 

with a small layer height. 

4.2 Test setup of the parameter study 

According to these starting thoughts a printing setup was developed. 

There were two different distances tested with three different seam 

widths. Moreover, a rotation of the welding torch (Figure 9 c)) was 

tested for the distance d of 5.0 mm.  

In preceding parameter studies the process parameters (WFS, TS, 

CMT-regulation) for single welding were identified. For all single 

welds a height h of 1.5 mm was predefined. Table 2 shows the param-

eter for the test setup. The first printed layer is shown in Figure 10. 
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Table 2 Test setup of the parameter study 

Distance d 5 mm 5 mm 3.5 mm 

 
3 

w = 6.5 mm 
4 

w = 6.5 mm 
9 

w = 5.0 mm 

Specimen no. 
+ 

seam width w 

2 
w = 6.0 mm 

5 
w = 6.0 mm 

8 
w = 4.5 mm 

 
1 

w = 5.5 mm 
6 

w = 5.5 mm 
7 

w = 4.0 mm 

Angle of the 
welding torch 

90° 60° 90° 

 

Figure 10 First printed layer of the parameter study  

For each layer the printing path direction is rotated by 90 degrees. 

This is intended to additionally close the valleys between the seams 

[30]. Therefore, all odd layers are sliced into welds in x-direction and 

all even layers into welds in y-direction (see Figure 11).  

 

Figure 11 Printing path of two consecutive layers 

4.3 Observations during printing 

In general, it was possible to produce the desired structure using 

each set of parameters. However, different combinations lead to ad-

vantages and disadvantages. During printing it was noticed that each 

layer of specimen 9 reached a height of approx. 3 mm due to overlap-

ping and not the intended height of 1.5 mm. What an incorrectly as-

sumed layer height means for the final structure is shown in Fig-

ure 12. Therefore, every second layer of specimen 9 was skipped. 

Additionally, the effect of the perpendicular layer direction, as de-

scribed above, was compared. 

 

Figure 12 Influence of misconceived layer heights 

Contrary to the assumption that a rotated welding torch leads to a 

smoother surface (Figure 9 c)), the result was not particularly better 

but led to further difficulties while printing. Since the unknown in-

terplay of weld seam width and distance resulted in different layer 

heights, the wire sometimes missed the welding seam (see Fig-

ure 13).  

 

Figure 13 Mismatch of the wire © Johanna Dettki 

4.4 Visual examination  

In general, the final contour proximity of the nine samples can be 

considered equivalent. The smaller distance of d = 3.5 mm has no sig-

nificant effect on the accuracy, at least not to the required extent. 

The best result was achieved by specimen 3. The individual layers 

show a rather closed surface and the height of the specimen is in ac-

cordance with the designed geometry.  

In addition to external inspection, the specimens 6, 7 and 8 were cut 

to identify possible air voids (see Figure 14). Specimen 6 was chosen 

to investigate the effects of the rotated welding torch. Specimen 9 

was chosen because, contrary to the requirement of perpendicular 

welding, only every second layer and therefore only one welding di-

rection was produced. During the production of specimen 7 there 

was a change in the process parameters by accident so that instead 

of 4.0 mm thick welding seams, 3.0 mm thick seams were produced. 

Here it was interesting to see to what extent the gaps between the 

seams were closed within the next layer. 

While specimens 6 and 9 show a very uniform sectional view, the 

holes between the welding seams in the second layer of specimen 7 

can still be recognized by elongated cracks.  

  

Figure 14 Cut structure 
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4.5 Evaluation of the functionality  

For the production of the specimen the bolt hole was not taken into 

account, so that it had to be drilled afterwards. Since the first 9 test 

specimens were partly manufactured with a few days break between 

the layers and due to some difficulties during the printing process, 

the surfaces on both, the contact side to the counterpart as well as 

the contact side of the bolt head are not flat - with the result of a not 

fully tightened bolt.  

In addition, the bolts were difficult to tighten at all. The welding 

seams protruded into the area provided for tightening, so that the 

previous intended wrench did not fit. For future designs a certain dis-

tance for inaccuracies of the printing process should be included in 

the optimization. Furthermore, such crucial spots should also be 

given special attention in the slicing process. 

4.6 Evaluation of the load-bearing capacity 

Besides the visual examination a first evaluation of the load bearing 

capacity was made on three specimens. It has to be highlighted that 

the specimens were the outcome of a test series for finding the right 

manufacturing strategy, as described above. It should be noted that, 

in contrast to the numerical model, only one side of the T-stub was 

printed. Apart from the fact that the specimen just represent half of 

the previously designed structure (chapter 3), the above mentioned 

inaccuracies in tightening must be taken into account as well.  

These tests served as a justification that the welding parameters 

lead to acceptable structural behaviour. For this purpose, the speci-

mens were bolted against a stiff bracket and the base plate was ex-

tended for the load introduction of the tension force. Because of the 

half-sided construction the load application is eccentric. An exem-

plary course of the test can be seen in Figure 15. Due to the eccentric 

load and the gap between bolt and structure, the specimen rotates 

and the bolt receives tension and bending. In all three cases, the very 

thin base plate failed at the point where the load is introduced into 

the printed specimen. It can be stated that the printed specimen can 

transmit at least 160 kN (see Table 3 and diagram in Figure 15).  

 

Figure 15 Tension tests and diagram 

Table 3 Load bearing capacity tensile tests 

Specimen 
Load Bearing  

capacity 
Mean value 

Standard  

deviation 

1 162.3 kN 

163.1 kN 4.0 kN 3 168.4 kN 

4 158.7 kN 

 

5 Conclusion and outlook 

Using the best parameters found a further two specimens were 

printed. It was checked whether it is possible to weld at the edge of 

a base plate. In addition, the distance between the two specimens 

was chosen according to the original distance of the head plate con-

nection. Hereby, a heat influence of the two bodies to each other 

should also be checked. No such negative effects were observed. The 

completion of both bodies including the cooling time was 2.5 hours. 

Afterwards the base plate was cut and the two specimens were 

bolted together. The result is shown in Figure 16.  

 

Figure 16 Final printed and connected structure 

The final print of the completely designed structure and the relating 

ultimate load tests are still pending. At first, the structure has to be 

adjusted by allowing more space for the wrench. Also in the bearing 

area of the bolts the process should be as stable as possible and the 

roughness of the surface should be as small as possible. Of course the 

base plate should be chosen according to the design and the struc-

ture should be printed on both sides of the plate.  

This paper shows how the new production process WAAM can sig-

nificantly change the shape of structures on the example of a bolted 

head plate. Therefore, all steps from the original design to the addi-

tive manufactured structure are demonstrated, including form find-

ing by using topology optimization, manufacturing with different pa-

rameters and a first testing of the manufactured structures. 
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