
 
 
 

PERFORMANCE OF PARTIAL PENETRATION WELDS IN SEISMIC MOMENT 
CONNECTIONS 

 
 

H. TAHERI1; G.C. CLIFTON2; P. DONG3; M. KARPENKO4; G.M. RAFTERY5; J.B.P. LIM6 
 

1 PhD student, Department of Civil and Environmental Engineering, University of Auckland, 
New Zealand 

2 Associate Professor, Department of Civil and Environmental Engineering, University of 
Auckland, New Zealand 

3 Professor, Department of Naval Architecture and Marine Engineering & Mechanical 
Engineering, University of Michigan, US 

4 General manager welding centre, Heavy Engineering Research Association (HERA), New 
Zealand 

5 Senior lecturer, Department of Civil and Environmental Engineering, University of Auckland, 
New Zealand. 

6 Associate Professor, Department of Civil and Environmental Engineering, University of 
Auckland, New Zealand 

 
 
SUMMARY 
 
Welded moment resisting connections have been included in many steel structures standards 
internationally. Full penetration but welds are often specified to connect the beam flanges to 
the column flange. Partial penetration butt welds are cheaper than full penetration butt welds 
and also more cost effective when compared to large fillet welds. EN 1993-1-8 standard 
includes a definition of specific partial penetration weld called “effective full penetration of T-
butt welds” implying that it can be used to replace butt welds leading to cost savings. This 
study evaluates the seismic performance of welded beam-to-column connections made by the 
effective full penetration T-butt welds. Three full-scale T-shaped specimens were tested under 
the cyclic loading based on the SAC protocol. Mock-up specimens were fabricated under the 
real workshop conditions to examine the feasibility of reliably fabricating the weld penetration 
profiles required by EN 1993-1-8. This paper makes preliminary recommendations for the use 
of equivalent strength partial penetration butt welds that can be considered to replace butt 
welds. Final recommendations will be published as HERA guide following additional testing 
and analysis. 
 
 
INTRODUCTION 
 
According to EN 1993-1-8 (Europian Standard 2005), effective full penetration of T-butt welds 
(Also referred as EFPBWs in this study) must meet two conditions. Firstly, the total throat 
thickness of welds on both sides should be equal to or larger than the thickness of the stem 
plate (t) on the T joint. Secondly, the un-welded gap between the roots of the welds should be 
the smaller of 3mm or t/5 (Figure 1). EN 1993-1-8 standard (Europian Standard 2005) 
considers the strength of EFPBWs providing these two conditions to be equal to that of a full 
penetration butt weld. However, many studies have reported that the porosity or notch formed 
due to discontinuities at the root of the welds makes these welds susceptible to low cycle 



fatigue failure in seismic regions (Kurobane et al. 2004; Saiprasertkit 2014; Saiprasertkit et al. 
2014). It should be noted that for marine structures, it has been well established that an 
EFPBW can be achieved as long as fillet weld is sufficient sized to prevent weld throat cracking 
in static (Nie & Dong 2012), cyclic loading (Xing et al. 2016; Xing et al. 2017) and low-cyclic 
fatigue conditions (Pei & Dong 2019) with using the traction stress method. 

 

Figure 1. Effective full penetration of T-butt welds after EN 1993-1-8 (Europian Standard 
2005). 

After 1994 Northridge earthquake in California and 1995 Kobe earthquake in Japan, a long-
term program has been directed by Heavy Engineering Research Association (HERA) to 
evaluate the performance of steel connections under earthquake loads in New Zealand. The 
program has investigated both economic and technical aspects of welded beam-column 
connection to make them safe and cost-effective connections (Scholz & Clifton 2000; Short et 
al. 2004; Woerner et al. 2006). The New Zealand steel design code NZS 3404 (Standards New 
Zealand 1997/2001/2007) is an exception amongst the major codes, which allows the use of 
fillet welds for welded beam-to-column connections in seismic regions. Karpenko et al. (2013) 
conducted the total weld cost analysis considering the weld material, preparation and set up 
costs for fillet, full penetration and partial penetration butt welds with different penetration 
ratios. The research investigated welding-fabrication of weld between 20mm web plate and 
flange with using different weld design options including EFPBWs (Figure 2). 

 

Figure 2. Comparison of fabrication cost of welding-fabrication of weld between 20mm web 
plate and flange after (Karpenko et al. 2013). 

The cost of weld varies depending on the fabrication technique used. The results demonstrated 
that the estimated cost of complete penetration butt welds is 3.5~5 times of the EFPBWs. The 

𝑎𝑛𝑜𝑚,1 + 𝑎𝑛𝑜𝑚,2 ≥ 𝑡 

𝑐𝑛𝑜𝑚 𝑠ℎ𝑜𝑢𝑙𝑑 𝑏𝑒 𝑡ℎ𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑜𝑓 𝑡
5ൗ 𝑎𝑛𝑑 3𝑚𝑚 



study concluded that the effective full penetration T-butt welds were the most economical 
followed by the fillet welds. This study is a continuation of the HERA research program to make 
welded moment connections more cost-effective in New Zealand, while maintaining their high 
reliability. 

 

LARGE-SCALE EXPERIMENTAL TESTING 
 
Test Set-Up and Specimens 
 
Three T-shaped large-scale specimens representing the exterior beam-to-column moment 
resisting frame connections were tested under cyclic loading (Figure 3). The test set-up 
configuration, loading history, arrangement of strain gauges and instrumentations was in 
accordance to SAC testing protocol (SAC Joint Venture 1997). Pinned supports were 
embedded at the end of each side of the column (horizontal member), and the actuator applied 
the force at the tip of the beam. A Shore Western 913D Series hydraulic actuator with 
maximum ∓330 KN rated load, and stroke length of ∓ 150 mm was employed in the tests. Two 
lateral supports at different heights of the specimen were intended to prevent out-of-plane 
movement of the beam, thus ensuring the required in-plane response was achieved. The beam 
and column section sizes for each specimen are given in Table 1. All beams had similar plastic 
moment capacity but with very different depths, flanges and web thicknesses. The beams in 
specimens 2 and 3 were welded sections with fillet weld leg sizes of 10 mm for specimen 2 
and effective full penetration butt weld with fillet weld leg sizes of 6.5 mm for specimen 3. 

 

Figure 3. Test set-up based on the SAC protocol. All dimensions are in millimetres [mm]. 

 
All the welded connections were designed according to NZS 3404 (Standards New Zealand 
1997/2001/2007). The thickness of the stiffener plates was identical to the thickness of beam 
flanges in all tests except test 1 which had a stiffener thickness of 12 mm. All welds were 
performed according to AS/NZS 1554.1 Standard (Australian/New Zealand Standard 2014) 
with weld category SP and Flux-cored arc welding method. The weld wire and specifications 
were T49-3-T15-OMA-U-H5 according to AS/NZS ISO 17632:2006 standard (Australian/New 
Zealand Standard 2006) with shielding gas of Ar-CO2 10%. Figure 4 illustrates the designed 
weld details used for welding of beam flange and stiffener to the top column flange in all 
specimens before fabrication. “Fr” is width of root face and “G” is real gap size after welding. 



Table 1. Dimensions of beams and columns for experimental tests. 

Steel 

type 
Specimen Member Designation 

Depth 

of 

section 

(𝒅) 

[mm] 

Flange 

width 

(𝒃𝒇) 

[mm] 

Flange 

thicknes

s 

(𝒕𝒇) 

[mm] 

Web 

thicknes

s 

(𝒕𝒘) 

[mm] 

Flange 

slenderness 

ratio 

Carbon 

Steel  

(Grade 

300 S0) 

AS/NZS 

3679.1 

1 

Beam 
410 UB 

53.7 
402.6 178 10.9 7.6 9.33 

Column 
460 UB 

74.6 
457.4 190 14.5 9.1 7.24 

2 

Beam ST 20 400 105 20 8 2.78 

Column 
460 UB 

74.6 
457.4 190 14.5 9.1 7.24 

3 

Beam ST 32 200 175 32 16 2.87 

Column 
460 UB 

74.6 
457.4 190 14.5 9.1 7.24 

 

 

Specimens 

Designed weld size [mm] 

F1 F2 S1 S2 Fr for flange Fr for Stiffener 

1 4.4 4.4 4.8 4.8 2.1∓0.1 2.3∓0.1 

2 8.5 8.5 8.5 8.5 2.9∓0.1 2.9∓0.1 

3 14.5 14.5 14.5 14.5 2.9∓0.1 2.9∓0.1 

Figure 4. Designed weld sizes of large-scale specimens. 

 
Mode of Failure and Weld Performance 
 
Figures 5, 6 and 7 illustrate the failure of all specimens after applying the cyclic loads for tests 
1, 2 and 3, respectively. Specimens 1 and 2 fractured in the plastic hinge zone. The fracture 
of the specimen 3 occurred in the base metal at the toe of the beam flange weld. Plastic hinges 
were created in the specimen 1 under cyclic load test with clear local flexural buckling. The 
crack initiated at the plastic hinge zone on the beam flange after 31 Cycles. The lateral 
supports did not work ideally during the test, and there was slight lateral movement in the beam 
and column members. In specimens 2, as it is evident from Figure 6, both torsional and flexural 
buckling developed in the specimen. The fracture happened after applying 38 cycles of load. 
The beam flange crack initiated after significantly unplanned torsional movement in the beam 
and minor axis bending in the column due to the inefficient lateral restraining system. The 
extensive paint peeling indicated the large plastic deformation of beam flange and web. 
Contrary to the specimens 1 and 2, the lateral movement of the specimen 3 was not visible 
and prevented by the restraining system partially. A considerable amount of in-plane plasticity 
was observed on the beam flanges during the test. The crack initiated after a high number of 
cycles (94 Cycles) at the toe of the fillet weld and propagated toward the web of the beam. 
Some other minor cracks around the fillet weld toe were observed as well. Local buckling of 
the flange due to the plastic flexural demand was not observed in specimen 3, due to the very 

Joint preparation Weld sizing 



low slenderness ratio of the beam flange. The visual inspection results did not show any cracks 
or damages on the welds.  

 

Figure 5. Specimen 1 after failure. 

 

Figure 6. Specimen 2 after failure. 

 

Figure 7. Specimen 3 after failure. 

 
EVALUATION OF WELD DETAILS 
 
Weld Details Used in the Large Scale Specimens 
 
Specimen 3 used in the large-scale test was cross sectioned and the weld dimensions and 
real gap sizes were measured for both beam flanges and stiffeners. The thickness of beam 
flange and stiffener was 32 mm. The joint preparation and specified weld details were identical 
for both beam flanges and stiffeners in the specimen 3. The specimens 1 and 2 were not 
available for metallographic investigation after testing. However, specimens 3 provided 
valuable information solely because it had biggest flange thicknesses among other specimens 
representing an increased risk of lack of weld root penetration i.e. larger gap between the roots 
of the welds. 



Table 2 shows maximum, minimum and average real gap sizes of beam flanges (G1) and 
stiffeners (G2) in the large-scale specimens 3 established in the cross section of the welded 
connection after testing. According to the results in Table 2, average gap sizes for beam 
flanges 1 and 2 were 6mm and 5.37mm respectively. However, stiffener plates had bigger 
gaps as compared with beam flanges. These bigger gaps in stiffeners can be justified with 
more difficult welding position rather than beam flanges. 

No damage was evident in the welds after applying cyclic loads in specimen 3. Indeed, 
although the average size of the real gap was approximately double of the specified size for 
specimen 3, the effective full penetration of T-butt welds worked well under cyclic loading. It 
implies that the maximum allowable gap size can be increased while still provide adequate 
performance of the weld in terms of avoiding weld (root) base metal failure. 

Table 2. Real gap sizes for large-scale specimen 3. 

Welding 

zone 

Gap size G1 Gap size G2 

Max. 

gap size 

[mm] 

Min. 

gap size 

[mm] 

Ave. 

gap size 

[mm] 

Max. 

gap size 

[mm] 

Min. 

gap size 

[mm] 

Ave. 

gap size 

[mm] 

Side 1 

(flange 1) 
7.5 4 6 9 5 7 

Side 2 

(flange 2) 
6 5 5.37 7.75 6 7.12 

 

Feasibility Study on Achieving Weld Details and Penetration Profiles 
 
In order to evaluate feasibility of achieving penetration profiles required in a reliable way in 
different plate thicknesses, a structural steel fabricator was asked to weld mock-up specimens 
representing applicable joint preparation and welding techniques as used in the production. 
The test results were then used to establish new acceptance criteria for effective full 
penetration T-butt welds. Mock-up specimens were fabricated simulating effective full 
penetration of T-butt welds on beam flange to column connections (Figure 8). 

 

Figure 8. Test specimens for the evaluation of weld profiles (All dimensions in millimetres). 

The specified weld details of specimens in the first trial is illustrated in Figure 9 . EN 1993-8-1 
standard was followed in calculation of width of root face. However, the joint preparation was 
according to AS/NZS 1554.1 standard (Australian/New Zealand Standard 2014). The bevel of 
flanges was carried out from outside of each plate with angle of 45°. 

Figure 10 demonstrates the specified weld details of specimens in the second trial. Joint 
preparation was modified by increasing the included angle and reducing the width of root face. 
The bevel angle increased to 50° and the width of root face decreased to 1.5 mm for all 
specimens for achieving to maximum allowable gap size. Equal leg sizes proportional to bevel 
angle were used for fillet welds. 

 



 

Trials 
Specimen 

No. 

Stem plate 

thickness 

(t) [mm] 

Amount of 

penetration 

(D) [mm] 

Fillet weld leg 

size 

(S1=S2) 

[mm] 

Width of root 

face (Fr) 

[mm] 

First trial 

1 8 3.2 5 1.6 

2 20 8.5 8.5 3 

3 32 14.5 14.5 3 

Figure 9. Specified weld details for fabrication of specimens with different plate thicknesses 
in first trial. 

  

Trials 
Specimen 

No. 

Stem plate 

thickness 

(t) [mm] 

Amount of 

penetration 

(D) [mm] 

Fillet weld 

leg size 

(S1=S2) 

[mm] 

Width of 

root face 

(Fr) [mm] 

Second trial 

4 8 3.25 5 1.5 

5 20 9.25 11 1.5 

6 32 15.25 18.2 1.5 

Figure 10. Specified weld details for fabrication of specimens with different plate thicknesses 
in second trial. 

All T-shaped specimens were sliced into six parts and the gap size, amount of penetration and 
fillet weld legs were measured in the cross-section after fabrication. Measured weld 
dimensions are illustrated in Figure 11, together with maximum, minimum and average gap 
sizes for mock-up specimens. 

 

DETAILING OF EFFECTIVE FULL PENETRATION OF T-BUTT WELD 
 
Large-scale tests confirmed adequate performance of welded moment connections using 
EFPBWs with weld details as used for the first trial specimens. In order to ensure that the weld 
details specified can be reliably achieved in fabrication, a new acceptance criteria was 
considered. 

Figure 12 displays the average real gap sizes measured from mock-up specimens with plate 
thicknesses of 8mm, 20mm and 32 mm in both trials. The green dash-line is the average line 
that shows average values between first trial and second trial. It is assumed that both trials will 
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Specimens no. 

and strategy 

Stem 

plate 

thickness 

(t) [mm] 

Weld 1 Weld 2 Gap size 

S1 

[mm] 

S2 

[mm] 

D 

[mm] 

S1 

[mm] 

S2 

[mm] 

D 

[mm] 

Max. 

gap 

size 

[mm] 

Min. 

gap 

size 

[mm] 

Ave. 

gap 

(G) 

[mm] 

First trial 

1 8 7.3 6.3 2.35 6.85 5.55 3 3.5 1.5 2.55 

2 20 12.25 9.05 6.65 11.7 8.35 6.7 6.75 6 6.3 

3 32 16.2 15.4 12.45 16.9 14.8 13.85 6.5 4.5 5.7 

Second trial 

4 8 7.35 6.75 4.1 8.15 7.1 3 1.25 0.5 0.85 

5 20 12 9.9 8.75 11.7 10.05 7.2 5.5 2.5 3.95 

6 32 18.05 16.2 15 17.7 17.4 11.75 7.5 4 5.25 

Figure 11. Measured weld details and gap sizes of mock-up specimens. 

 
represent two extremes: the worst (trial 1) and the best (trail 2) scenario in terms of achieving 
root penetration.  The red dot-line is trendline of average values from plate thicknesses range 
zero to 20 mm. Equation associated with the trendline is shown as well. The average line 
reveals real gap sizes are significantly bigger than the maximum allowable gap sizes 
calculated by EN 1993-1-8 standard. Furthermore, based on the average line, the rate of gap 
size changing is small for the plate thicknesses bigger than 20 mm. The slope of trendline is 
about 0.2586 as shown in Figure 12. If y-intercept of line (-0.1382) is ignored and assumed the 
line passes through the origin of coordinate system, then the relationship between the plate 
thickness and average real gap size can be written as below for the plate thicknesses range 
from 0 to 20 mm: 

G=1/3.87 t ≅ 1/3.9 t               (1) 

where; 

G is real gap size [mm], 

t is stem plate thickness [mm]. 

On the other hand, the large-scale test data proved that welds with average real gap size of 
6mm had adequate performance under cyclic loads. Thus, the limit line for the maximum 
allowable gap size can be increased from 3mm to 6 mm. Accordingly, new criteria for the gap 
size of effective full penetration T-butt welds can be defined as below; 

Acceptance criteria for gap size=smaller of {6mm, t/3.9}               (2) 
 
This new criteria is illustrated in Figure 13. The slope of the inclined line is equal to 1 ⁄ 3.9 
which is consistent with linear trendline slope obtained from average line in Figure 12. The limit 
line or maximum allowable gap size is adapted from large-scale test results that revealed welds 
with 6mm gap size work well under seismic loads. 

 



 

Figure 12. Real gap sizes can be achieved under production conditions based on mock-up 
tests. 

 

Figure 13. New criteria for acceptance of gap size based on the test results. 

With increasing the acceptable gap size from 3mm to 6mm based on the new criteria, the 
throat thickness size of weld should be increased proportionally (Figure 14). The new fillet weld 
size can be calculated readily by equating old and new throat thicknesses formulas calculated 
as below; 

Old throat thickness size=2 sin 45°× ((t-3)/2)               (3) 

New throat thickness size=sin 45°×[X+ ((t-6)/2)]               (4) 

With equating old and new throat thickness sizes, the minimum fillet weld leg size or “X” value 
is obtained as below: 

X=t/2               (5) 

In fact, the fillet weld size for the weld profile with 6mm gap should be at least half of the flange 
plate thickness to have equivalent throat size with 3mm gap weld profile. 
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Figure 14. Weld profiles for (a) 6mm gap size, (b) 3mm gap size. 

If the bevel angle and width of root face are considered 50° and 1.5 mm respectively for the 
stem plate, identical to the joint preparation in second trial of mock-up specimens, then fillet 
weld size can be calculated as below (Figure 15); 

Size of S1 and S2 = tan50°× ((t-1.5)/2)               (6) 
 

 

Figure 15. fillet weld size for the mock-up specimens in second trial. 

 

Considering equations 5 and 6 for the specific joint preparation above (Figure 15), an additional 
criterion is defined for the superimposed fillet weld sizing as below: 

Acceptance criteria for S1 and S2 size= larger of {t/2 and tan50°× ((t-1.5)/2)}               (7) 

The condition 7 ensures that by using new acceptance criteria for the gap sizes as explained 
in condition 2 and with the joint preparation identical to the Figure 15, the throat thickness of 
weld is always bigger than the throat thickness size required for EFPBWs in accordance to EN 
1993-1-8 (Europian Standard 2005). 

The condition 7 defines the minimum values for fillet weld leg sizes only. Any bigger sizes can 
be chosen for S1 and S2 e.g. for larger bevel angles. 

Consequently, the details and acceptance criteria of effective full penetration of T-butt welds 
in welded moment resisting connections with double symmetric welds are suggested according 
to Figure 16. 

The new proposed criteria for using EFPBWs is sufficiently conservative in some respects, and 
there is no need for extra safety factors. Firstly, the average line in Figure 12 yields smaller 
gap size rather than blue line that is representative of gap size used in large-scale specimens. 
Secondly, with considering the fillet weld size in the new criteria, the final throat thickness is 
always bigger than throat size recommended by EN 1993-8-1 standard. 

 

(a) (b) 

𝑡𝑎𝑛 50° × ൬
𝑡 − 1.5

2
൰ 



 

Figure 16. Details and acceptance criteria of effective full penetration of T-butt welds based 
on the test results. 

 

CONCLUSIONS 
 
In this study, experimental testing was conducted on three large-scale specimens in order to 
assess the seismic performance of the effective full penetration of T-butt welds (EFPBWs) in 
welded moment resisting connections. Feasibility of fabricating penetration profiles required 
was evaluated using weld mock-up specimens in fabrication environment. The key findings 
from this work are as follows: 

 

1. The visual inspection of the effective full penetration T-butt welds at the end of the 
testing did not show any damage or fracture in the weld metal and root cracks under 
cyclic loads. Therefore, the weld details and sizes of EFPBWs were sufficient to 
suppress cracks in the weld root. The large-scale test results confirmed the 
feasibility of replacing complete butt welds with EFPBWs for seismic moment 
resisting connections. 

 
2. The gap sizes defined as a distance between the roots of two welds achieved in the 

Specimen 3 and mock-up specimens were bigger than the maximum allowable 
sizes for EFPBWs based on the EN 1993-1-8. 

 
3. The new criteria is proposed for the use of the EFPBW as a substitute for the butt 

welds in moment resisting seismic connections. It is based on weld profiles and gap 
sizes that can be reliably achieved in production. It deviates from the EFPBW given 
in EN 1993-1-8. 

Joint preparation requirements: 

1. 𝑇ℎ𝑒 𝑤𝑖𝑑𝑡ℎ 𝑜𝑓 𝑟𝑜𝑜𝑡 𝑓𝑎𝑐𝑒 ሺ𝐹𝑟ሻ𝑏𝑒𝑓𝑜𝑟𝑒 𝑤𝑒𝑙𝑑𝑖𝑛𝑔 𝑠ℎ𝑎𝑙𝑙 𝑏𝑒 𝑡ℎ𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑜𝑓 ቄ𝑡
5ൗ 𝑎𝑛𝑑 1.5 𝑚𝑚ቅ. 

2. The minimum bevel angle of plate shall be 50°. 

Weld sizing criteria 

3. 𝐹𝑜𝑟 𝑡ℎ𝑒 𝑠𝑢𝑝𝑒𝑟𝑖𝑚𝑝𝑜𝑠𝑒𝑑 𝑓𝑖𝑙𝑙𝑒𝑡 𝑤𝑒𝑙𝑑𝑠 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑆1 𝑎𝑛𝑑 𝑆2 𝑠ℎ𝑎𝑙𝑙 𝑏𝑒 𝑙𝑎𝑟𝑔𝑒𝑟 

 𝑜𝑓 ቄ 
𝑡

2
 𝑎𝑛𝑑 𝑡𝑎𝑛 50° × ቀ

𝑡−1.5

2
ቁቅ. 

Acceptance criteria for gap sizes after welding: 

4. 𝑇ℎ𝑒 𝑔𝑎𝑝 𝑠𝑖𝑧𝑒 ሺ𝐺ሻ 𝑎𝑓𝑡𝑒𝑟 𝑤𝑒𝑙𝑑𝑖𝑛𝑔 𝑠ℎ𝑎𝑙𝑙 𝑏𝑒 𝑡ℎ𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑜𝑓 𝑡
3.9ൗ 𝑎𝑛𝑑 6𝑚𝑚. 
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The paper presents preliminary results based on the experimental testing of large-scale 
specimens. The results will be verified by testing of small-scale cruciform joints simulating 
different penetration profiles. Testing will be supplemented by the FE modelling and traction 
stress analysis. Considerations will be given to a quality control, inspection and non-destructive 
testing procedure to ensure penetration profiles and other quality requirements are achieved 
in the fabrication situation. Final results and recommendations will be presented in a 
corresponding HERA guideline. 
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