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Abstract 
 
Integration of slim floor systems into high strength steel (HSS) trusses with K-joints promotes sustainable construction due 
to the high strength-to-weight ratio and open space buildings adaptable for different uses. As current design standards such 
as EN 1993-1-8 inadequately supports the design of HSS truss joints, in this study, two welded K-type joints made of S700 
were tested using a scaled-down dimensions and examined numerically by finite element (FE) models. The scaling factors 
used for determining the dimensions of the downscaled joint were verified by the validated FE models. The tests on two 
specimens with the different chord lengths were used to define the strength of the HSS joint: which was controlled by either 
the ultimate strength of the tension bracing or the buckling resistance of the compression bracing. Compared to the joint of 
the double grade steel S355J2/S420, the results pointed out that the limit load of HSS joint was 70% higher but the joint 
ductility was decreased by 25% when compared to the joint of double grade steel S355J2/S420. Due to the instability failure 
of the compression bracing, applying a larger safety factor for the limit load of S700 joint is necessary but additional 
parametric studies are needed to propose the equations for the joint limit load in design use. 
 
 
 
1 Introduction 
 
The integration of a steel truss into a slim floor system 
promotes usability of building spaces, increases 
construction speed, and eases the installation of building 
service systems. The slim floor system was invented in 
Nordic countries and has been extensively used worldwide 
because the system provides optimum construction height 
and benefits in terms of costs and fire resistance [1][2]. One 
type of slim floor system with a hat-shaped, box beam 
called WQ-beam has been widely used in Finland. To reach 
high strength-to-weight ratios, the structural solutions can 
be improved by using high strength steel (HSS) for truss 
members. Figure 1 shows a part of slim-floor truss floor 
system [3]. In this system, the top chord of the truss is WQ-
beam that can support hollow-core concrete slabs. The 
bracings are tubular sections which are welded to the 
plated bottom chord. The HSS truss bracings can challenge 
the applicability of current design standards to dimension 
the joint. Therefore, it is necessary to investigate the factors 
that affect the load-carrying capacity of joints made of HSS. 
The structural response of different truss joints made of 

HSS has been studied in recent years [4][5][6]. Since no 
design rules are available in EN 1993-1-8 [7] for the joint 
shown in Figure 1, a series of experimental tests and 
numerical studies have been performed to investigate the 
behavior of the joints [8][9]. The dimensions of the joint 
were scaled down by using similitude theory to make the 
testing possible in the available laboratory conditions. The 
limit load of the joint was determined by using the strain 
limit criteria according to EN 1993-1-5 [10] and the results 
were presented in [3]. However, due to the incomplete load-
deflection curves received in the tests, the criteria proposed 
were not verified for the HSS joint. Therefore, the objective 
of this paper is to determine the limit load of the HSS joint 
by using the validated finite element models. 
 
The outline of this paper is as follows. The details of the 
experimental test on two specimens are presented first. 
The finite element models are then created for both tested 
joints. The models are validated by the test results and are 
further used to verify the scaling factors. The verified model 
of the full-scale joints is used to study the behavior of both 
HSS and double-grade steel joint. The limit load for the 
studied joint is proposed in the end. 



 

 

 
 
 
 
 
 
 
 
 

Figure 1 Slim-floor system integrated with truss and the details of a truss joint [3]. 
 
 
2 Experimental tests on downscaled joints 
 
2.1 Test specimens, test setup, and test procedure 
 
The geometrical configuration of the two tested specimen 
is shown in Figure 2 (a). The dimension of the specimen 
was downscaled from the full-scale joint using similitude 
theory and further determined according to the results of 
the numerical parametric studies in [1]. The braces of the 
joint were four times longer than their width. The chord 
length of the joint is designed according to the joint failure 

shown in Figure 2 (b). When the chord length is five times 
of its width (Specimen C), the joint fails in compression 
bracing whereas with a four-time longer chord, the joint fails 
in tension bracing (Specimen D). For easy attaching the 
specimen to the setup, the end plates were welded to the 
braces and the chord. The stiffening plates were welded to 
the end of the two bracings to ensure the load transferring 
to the joint. The specimens without stiffening plates were 
fabricated in Ruukki Construction Ltd. The nominal and the 
measured dimensions of each specimen are given in Table 
1. 

 
 
 
 
 
 
 
 
 
 
                    (a)                                                       (b) 
 

Figure 2 Test specimen (a) geometrical configurations of the specimen before the welding of stiffening plates (b) 
designing specimen by varying chord length to receive intended joint failure [1] 

 
Table 1 Dimensions of the specimens 

 
Specimen Chord 

𝑏 × 𝑡 × 𝐿  
Bracings 𝑏 × 𝑡 × 𝐿 × 𝜃 Division plate 

𝐿 × ℎ × 𝑡  Tension  Compression 
C 104.4 × 12.06 × 520  40.3 × 2.7 × 200 ×

44.9  
40 × 2.7 × 200 × 43.1 100 × 60 × 8.08 

D 104.2 × 12.04 × 495  40.3 × 2.7 × 200 ×
44.8  

40 × 2.7 × 200 × 43.8 100 × 60 × 8.04  

𝑏: width, 𝑡: thickness, 𝐿: length, 𝜃: inclination of bracings 
 
The test setup is shown in Figure 3 (a). The pre-designed 
fixing support was vertically aligned to a reinforced-
concrete wall and fixed to the wall by pre-tensioned high-
strength anchor bolts. The compression bracing and chord 
of the specimen were fixed to the support and the tension 
bracing was connected to the load actuator. Between the 
compression bracing and the compression block, a knife-

edge support provided a pinned support to the brace end. 
The chord was fixed to the clamped end support. 
 
To study the behavior of the joint, the relative displacement 
of tension bracing and compression bracing to the chord 
are measured by Four Linear Variable Displacement 
Transducers (LVDTs). These LVDTs are attached to each 

1: hollow core slab   4 & 5: bracings 
2: floor truss        6: division plate 
3: WQ-beam        7: bottom chord 



 

 

side of the corresponding bracings. One end of each LVDT 
is attached to the point at the mid-length of the 
corresponding bracing, and the other end to the 
intersection point of the mid-lines of chord and division 
plate. Two small forks are glued to the chord at these 
intersection points to provide the supports for LVDTs. The 
out-of-plane deflections of the joint were measured by six 
other LVDTs located at the end of bracings and the chord.  
 
The load was applied vertically to the tension bracing and 
measured with a cylindrical load cell. The load transferred 
to the compression bracing was measured with a 
doughnut-shaped load cell and to the chord was indirectly 
measured with four strain gauges of no. 1 and no.4 as 

shown in Figure 3 (b). Two of them were located on the top 
and the bottom surfaces and the other two were attached 
to the sides of the chord. The strain gauges are 150 mm 
away from the surface of endplate of the chord. Since the 
chord remained in the elastic range during the loading 
process, the measured elongations can be converted into 
to force values based on the Hook’s law. During the test, 
the specimen was firstly loaded up to 50 kN, then unloaded 
to 0 kN to check the functionality of the test setup. After 
that, the specimen was reloaded around 150 kN with a 
loading rate of 5 kN/min and was then loaded up to failure 
by displacement-controlled procedure. The rate of 
displacement was adjusted according to the test procedure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) ……………………………………………………………(b) 

 
Figure 3 Test setup and instrumentation plan (a) Details of test setup (①tension is applied to the brace, ②pinned support 
of the compression brace, ③clamped support at the brace end, ④ welded joint with division plate), (b) locations of strain 

gauge and displacement transducers 
 
2.2 Load – displacement and failure mode of the 

joint 
 
Figure 4 (a) and (b) show the test results as the load-
displacement curves measured at bracing members for 
Specimens C and D and the failure modes of the joints, 
respectively. For both specimens, the load-displacement 
curve was averaged from the values measured by two 
LVDTs for the same bracing. Because the load applied to 
the compression bracing was not properly recorded during 
the test, the load recorded in tension bracing was used for 
presenting the load – deflection curve of the compression 
bracing in the figure.  
 
As shown in Figure 4 (b), the specimen C with the chord 
length five times longer than its width failed due to the local 

buckling of the compression bracing whereas the specimen 
D with chord length four times longer than its width failed in 
tension close to the joint.  
 
measured in compression bracing for the specimen C was 
linear up to 220 kN. Thereafter, the curve became non-
linear and reached the maximum value of 280 kN and 
unloaded gradually due to the local buckling of the bracing 
in compression. The curve measured in the tension bracing 
followed the similar trend up to the maximum load. 
Thereafter, the local buckling of the compression bracing 
disabled the LVDTs in tension bracing, thus leading to a 
sudden drop of the curve measured in the tension bracing. 
For the specimen D, the curve in tension bracing behaved 
initially linearly then non-linearly up to maximum value (300 
kN) and was unloaded due to the fracture failure. As soon 

 



 

 

as the fracture occurred in the tension bracing, LVDTs in 
the compression bracing was also malfunctioned, thus 
leading to the sudden unloading of the curve.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                     (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    (b) 
 

Figure 4 Test results for Specimens C and D (a) load-
displacement curves measured from tension and 

compression bracings (b) failure modes of specimen C 
(left) and specimen D (right) 

 
As shown in Figure 4 (a), the load-displacement curve  
The results shown in Figure 4 indicated that both the 
specimens and the setup well predicted the joint behavior 
by the studies in [1]. The failure mode was as predicted in 
Figure 2 (b) by varying the chord length. The ultimate 
strength of the joint predicted by the specimen C is 300 kN, 
which is about 50 kN larger than the limit load of joint 
predicted by the specimen D. Both the failure mode and the 
load-displacement curve can be used to validate the finite 
element models for studying the joint behavior. 
 

3 Finite element models and analysis results for the 
tested joints 

 
3.1 FE models created for the tested joint 
 
The behavior of the joint was studied using Abaqus/Explicit 
[12]. The FE model created for Specimen C is shown in 
Figure 5. The joint was discretized by using C3D8R 
elements for all the members except the welds where C3D6 
elements were used. A total number of 520035 elements 
were used in the model. The boundary conditions were 
applied to the joint through three reference points located 
at the center of the three end plates. The clamped end 
boundary conditions were applied to the chord, and the 
pined ones were applied to the compression bracing. The 
tension bracing was also pin-ended and the displacement 
with a maximum value of 14 mm was applied along the axial 
direction of the tension bracing to simulate the applied load. 
During the test, the load cell was fixed by a longer arm and 
the load cell moved slightly especially during the large 
deformation of the joint. To consider this slight movement, 
the displacement with a maximum value of 10 mm was 
applied along X-axis in the tension bracing. The restrained 
degrees of freedom are shown in Figure 5 (b). The FE 
model was also created for specimen D similarly as to 
specimen C except that the chord length was 25 mm 
shorter of the specimen. To simplify the models for 
parametric studies, the models excluding the welds for both 
specimens were also created.  
 
The steels for bracings, division plates, and chords were 
modelled using the measured material properties as shown 
in Figure 6. The stress-strain curves were measured by 
testing the coupons taken from the flat surfaces of the 
tubular sections or from the plates. The model used in the 
FE analysis was fitted to the test results. Since welding the 
stiffening plate produces the residual stresses but their 
values cannot be easily measured in specimen C and 
specimen D, two other material models for tubular sections 
were included in Figure 6 (a) to demonstrate the effects of 
the residual stresses on the joint behavior: stresses 
reduced by 10% of the measured ones and the nominal 
stress-strain curves.  
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 
 
 
 
 
 
 
 
 
 

 x y z Rx Ry Rz 
chord fixed fixed fixed fixed fixed fixed 
ten disp disp fixed fixed fixed free 
comp fixed fixed fixed fixed fixed free 

 
(a)                                  (b) 

 
Figure 5 FE model and boundary conditions for specimen C (a) cut view of the meshes (b) boundary conditions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                               (b) 

 
Figure 6 Material models used in FE analyses (a) Tubular section (b) plates 

 
3.2 Validations of FE models by test results 
 
The FE models were validated by comparing both the 
failure modes and the load-deflection curves between FE 
results and test results as in Figure 7 (a) and (b), 
respectively. The results were compared for both tension 
and compression bracings. The load-deflection curves from 
FE analyses trended similarly to those from the test, initially 
showing linear behavior, reaching the maximum load at 
similar displacement, and unloading at the similar time. The 
curves matched well up to round 175 kN. Thereafter, the 

curve in the compression bracing from the FE analyses 
entered non-linear range later and reached the maximum 
load that was about 75 kN higher than that in the test. As 
for the curve in the tension bracing, FE results matched well 
with the test results until the maximum load was reached in 
the compression bracing. Thereafter, the curve from the 
test dropped suddenly because the local buckling of the 
compression bracing disabled the measurement in the 
tension bracing. The curve from FE analyses kept 
increasing until the end of the load-carrying capacity of the 
joint.  
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(a)                                           (b) 

Figure 7 Validation of FE models by test results in terms of (a) load – displacement curves (b) failure modes. 
 
To study the effect of residual stresses on the differences 
between FE and test results, the load-displacement curves 
by modifying material models in FE analyses are presented 
in Figure 8 (a). Reducing the stress by 10% in the material 
model decreased the maximum load in the compression 
bracing predicted by FE analyses about 15%. The 
maximum load predicted by FE analyses using the nominal 
stress-strain curve matched well with that obtained in the 
test.  
 
The comparisons of the results in Figure 8 (a) indicate that, 
on the one hand, the residual stresses caused by welding 
the stiffening plates to the bracings reduced the strength of 
the joint. On the other hand, since the heated affected 
zones caused by the welds close to the jointing regions 
were not modelled in the FE analyses, the actual strength 
of the tested joint is between the value predicted using 
measured material properties and the value predicted by 
using nominal material properties. In addition, the joint in 
practice does not have the stiffening plates. Therefore, for 
the further verification analyses and the parametric 
analyses, the nominal material properties were used. 
 
The FE models created for specimen D was also validated 
by the test results in terms of the load-displacement curves, 
as shown in Figure 8 (b). Up to the maximum load, the load-
deflection curve in the tension bracing obtained from FE 
analyses matched reasonably with that in the same bracing 
measured in the test. Thereafter, the unloading in both 

tension and compression bracings disabled the functions of 
LVDTs in the test, thus leading to the sudden drops in both 
curves. In FE analyses, the unloading portion of the 
material model was not included. Therefore, the load-
deflection curves in both bracings unloaded gradually. 
However, the failure in the tension bracing close to the joint 
was well predicted by FE analyses. In summary, in terms 
of the load-deflection curves and failure modes, the FE 
model created for specimen D was also validated by the 
test results and can be used for further analyses. 
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(a)                                      (b) 

 
Figure 8 Comparisons of the results between FE analyses and the tests in terms of the load-deflection curves (a) 
reducing stress by 10% and using nominal stress-strain curves (b) FE results for specimen D  

 
Based on the load – deflection curves received from the FE 
analyses for specimens C and D (Figure 7 (a)), the load – 
transferring mechanism can be divided into four stages like 
the studies in [1]: 
 

 Stage 1: elastic stage (0-1). In the elastic 
stage, the load-displacement curves are 
linear, and the joint behaves in the elastic 
range.  

 Stage 2: elastic-plastic stage (1-2). In the 
elastic-plastic stage, the curves are non-
linear, and the highly stressed regions in the 
joint yield whereas the lightly loaded regions 
are still in the elastic range. 

 Stage 3: maximum load (2). In this stage, the 
load in the load-deflection curve reached the 
maximum value. For the joint failed in the 
compression brace, the maximum load is 
defined as the limit load of the joint. For the 
joint failed in the tension brace, the maximum 
load is defined as the ultimate strength of the 
joint. 

 Stage 4: unloading stage (2-3). In this stage, 
the load-deflection curve enters the unloading 
stage either by local buckling in the 

compression bracing or by the fracture failure 
in the tension bracing. 

 
The four-stage mechanism will be used for interpretating 
the results of FE analyses. 
 
3.3 Simplification of joint model for further 

verifications 
 
To verify the scaling factors used for downscaling the joint, 
the FE model was first simplified by excluding the welds. 
The results received from FE models with and without 
welds are shown in Figure 9 (a). The load-deflection curves 
predicted by both models trended similarly. However, the 
model without welds underpredicted the maximum load by 
about 10% when compared with the model with welds and 
overpredicted the maximum load by about 10% when 
compared to the test. Therefore, it is reasonable to simplify 
the FE model excluding the welds.  
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(a)                                       (b) 

 
Figure 9 Comparisons of the load-deflection curves by simplifying FE models (a) with and without welds modelled 
(measured material properties) (b) as in tested conditions but excluding the welds and in downscales but loaded in 
the compression bracing (nominal material properties). 

 
Besides different failure modes shown in Figure 2 (b), 
another reason to vary the chord length was to load both 
tension and compression bracings simultaneously. 
However, in a practical joint, the load applied to both 
bracings can be different. The results in Figure 4 (a) 
showed that the limit load reached in compression bracing 
is lower than the ultimate load reached in tension bracing. 
Therefore, the FE model without weld was further modified 
by only loading the brace in compression. The results thus 
obtained are compared with those received from the FE 
model without welds but with longer chord and loaded in 
the tension bracing as in Figure 9 (b). The load-deflection 
curves of the two models received for the compression 
bracing matched well. In the tension bracing, the maximum 
load predicted by the model loaded in the compression 
bracing was about 21 kN lower due to the incomplete 
utilization of the bracing. The results of the two models 
indicate that it is reasonable to predict the limit load of the 
joint by loading the compression bracing. For the further 
verification, the FE models without welds, using nominal 

material model, and loaded in the compression bracing are 
used.  
 
3.4 Verification of scaling factors 
 
Figure 10 (a) compares the results between downscaled 
and full-scale joints in terms of load-deflection curves. Both 
models were loaded in the compression bracing. For easy 
comparisons, the load – displacement curves from the 
downscaled joint were multiplied by the scaling factors, i.e., 
3.75 for the displacement and 14.06 for the load. It can be 
seen that the results from modelling the full-scale joint well 
agreed with those by multiplying the scaling factors, Since 
the deformation mode at the maximum load for the 
downscaled joint was the same as that for the full-scale joint 
as in Figure 10 (b), the scaling factors were verified and the 
joint model in full-scale will be used for the further 
parametric studies. 
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(a)                                       (b) 

Figure 10 Comparisons of results between downscaled and full-scale joints (a) load – deflection curves (b) failure 
modes before unloading starts. 

 
4 Comparison of the behavior of the joint made of 

two steel grades 
 
Based on the material models shown in Figure 11 (a), the 
joints made of two steel grades of S700 and S355J2/S420 
were compared in terms of load-displacement curves as 
shown in Figure 11 (b). The joints made of two steel grades 
behaved similarly according to the four-stage load-
transferring mechanism. However, the double-grade joint 
entered the elastic-plastic stage earlier, reached a lower 
limit load, and entered the unloading stage later. The use 
of HSS increased the limit load of the joint by about 71%. 
The deflection corresponding to the limit load of the HSS 
joint decreased by about 29% compared to the double 
grade steel joint. The unloading in both joints was initiated 
by the local buckling of the compression bracing. For the 
double grade steel joint, more material yielded when the 
local buckling occurred. The results in Figure 11 (b) indicate 
that the HSS joint has a higher limit load, but it is prone to 
local buckling compared to the double-grade joint. For the 
comparisons with joints made of other steel grade, further 
studies are necessary. 
 
5 Conclusions 
 
With the increasing use of high strength steel in building 
constructions, the validations of numerical models by test 
results become demanding and crucial. In this paper, 
performing the tests with the scaled joints and designing 

the specimens by varying the chord length to reach the 
simultaneous loading conditions demonstrated the options 
for validating the finite element models. By testing the two 
specimens with different chord length, both the limit load 
and the ultimate strength of the studied joint were 
determined. The load-deflection curves and failure mode 
measured from the tests were used to validate the finite 
element models created for the tested joints. The validated 
FE models well verified the scaling factors used for 
determining the dimensions of the downscaled joint. 
By the criteria of defining the maximum load reached in the 
compression bracing as the limit load, the studies showed 
that the use of the HSS joint increased the limit load by 70% 
and decreased the ductility by 25% compared to the 
double-grade steel joint. With the similar material models, 
the HSS joint had a shorter elastic – plastic range than the 
double-grade steel joint. The local buckling in the 
compression brace triggered early unloading in the HSS 
joint. Due to the instability failure, a larger safety factor is 
required for defining the limit load of the joint. More 
parametric studies are necessary to derive the equations 
for determining the limit load for design use.  
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(a)                                      (b) 

Figure 11 Comparisons of results between joints made of different steel grades (a) load – deflection curves (b) 
material model used in FE models 
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