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Abstract. This study investigates the behaviour and failure mechanisms of 

beam-to-column dowel connections in precast industrial halls under lateral loads. 
Two large-scale cyclic tests were performed to evaluate the assembly failure and 
its relationship with the dowel connection. The results demonstrated that the 
assembly failure coincided with the dowel connection failure, governed by dowel 
yielding and concrete spalling of the column fork. No significant damage was 
observed in the concrete elements outside the connection area. The dissipative 
failure mechanism of the column was not achieved, indicating that this dowel 
connection is not capable to transmit sufficient lateral load. The maximum 
capacity of the dowel connection was influenced by the concrete coverage of the 
dowel in relation to the side of the column fork. This research serves as a basis for 
further investigation and potential improvements in the design and performance 
of connections in precast concrete structures. 
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1. Introduction  

 
In the aftermath of World War II, the reconstruction period saw a surge 

in popularity for precast industrial buildings.. This preference arose from the 
pressing need to efficiently and economically expand infrastructure while 
contending with the scarcity of materials and workforce during that time. 
Consequently, precast techniques were solidified and continued to be employed 
without substantial changes to connection methods across numerous European 
countries. This led to a widespread presence of industrial structures (Fig. 1) 
characterized by slender cantilever columns connected through high-span beams 
. 

Beam-to-column dowel connections are widely used, in Europe, in 
precast single-story concrete structures to transfer lateral loads between different 
structural components. Such connections are composed of dowel bars that 
transmit shear forces and bending moments. The ability of these connections to 
resist lateral loads is crucial for the overall performance of the structure, as they 
must withstand cyclic actions from natural hazards like wind and earthquakes 
without collapsing. Nonetheless, these connections are prone to failure due to 
several factors, including inadequate design, deficient code prescriptions, or poor 
understanding of the failure mechanism. 

 

 
 

Fig. 1 – Common precast industrial buildings structure. 
 

Typically, beam-to-column dowel connections are designed with only 
execution, gravity and wind loads in mind	. However, in seismic zones, current 
design principles are insufficient, and additional factors must be considered when 
designing these connections. For instance, the support length of the beam and the 
dimensions of the dowels used to secure the connections are essential parameters 
that may impact the overall structure's behaviour. 
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The capacity of dowel connections can be assessed through experimental 
testing  or numerical modelling. Full-scale testing is more realistic but more 
expensive and time-consuming, while small-scale testing is more practical but 
may not fully replicate the behaviour of dowel connections under real-world 
loading conditions. Numerical models can simulate the dowel connection's 
performance under different loading scenarios, including dowel size and spacing, 
concrete strength, and other factors, but they must be validated by experimental 
results. 

In Europe, the COST C1 action , which included participation from over 
125 research centers across 25 countries, investigated the performance of semi-
rigid connections, with a minor focus on precast connections. Additionally, the 
Tampere University of Technology in Finland carried out full-scale experiments 
on portal frames to assess the response of beam-to-column connections under 
lateral loads . Although the topic regarding the behaviour of the connections in 
precast structures was proposed, there was still a lack of sufficient experimental 
tests demonstrating the overall performance of precast structures which resulted 
in the exclusion of precast systems from the first edition of Eurocode 8 . To 
address these limitations, new projects were initiated among European 
associations, as summarized by G. Toniolo . The Ecoleader project examined two 
full-scale structural prototypes, comparing a precast system with hinged beam-
to-column connections to similar cast in situ structures. This project represented 
a significant milestone for the European precast industry, as its findings 
contributed to the inclusion of precast frame systems in Eurocode 8 . 

The SAFECAST project  on “Design Guidelines for Connections of 
Precast Structures under Seismic Actions” which explored the vulnerability of 
precast connections during earthquakes, states that any connection type must 
undergo initial type testing to quantify its strength and potentially other properties 
affecting its seismic behaviour, this implies that extensive study of a precast 
connection's behaviour through experimental and numerical testing is required 
before its. As part of this project, Bournas et al.  examined the performance of a 
full-scale three-story structure subjected to seismic loading, focusing specifically 
on the behaviour of mechanical beam-to-column connectors. They tested and 
compared a commonly used pinned beam-to-column connection in European 
countries (involving steel dowel bars) with an innovative dry mechanical 
connection designed to emulate beam-to-column connections. Their findings 
revealed that the newly proposed solution demonstrated superior capacity, 
underscoring the importance of continued research and development of novel 
solutions for precast structural connections. To suggest and develop new 
solutions, it is essential to comprehend the failure mechanisms of the current 
connections. In the case of dowel connections, which are prevalent in Europe, 
failure sources are associated with friction strength for structures designed to 
handle vertical loads. Furthermore, inadequate detailing of connectors and their 
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surrounding areas is the result of a limited understanding of their behaviour and 
a lack of code requirements and prescriptions . 

Zoubek et al.  have noted that most previous studies have primarily 
concentrated on the local failure of dowels, complicating the application of 
certain design recommendations for structures in seismic zones where global 
failure could occur. Nonetheless, some researchers have utilized resources such 
as the Precast Seismic Structural Systems (PRESSS) project  to examine precast 
structures by conducting large-scale tests to evaluate the seismic behaviour of 
precast buildings. The main objective of this research was to establish design 
guidelines to increase the acceptance of precast concrete structures in seismic 
regions and to devise new materials, ideas, and techniques for areas with high 
seismic activity. Another European project, "Precast EC8: Seismic behaviour of 
precast concrete structures with respect to Eurocode 8 (Co-Normative Research)" 
which was completed in 2007 , focused on the overall behaviour and ductility of 
precast structures, without examining the seismic behaviour of specific 
connections, leaving many questions unanswered.  

Numerous existing precast structures in Southern Europe's seismic 
regions were constructed without appropriate seismic detailing for connections, 
often depending on dry friction resistance joints . At the time, non-seismic codes 
permitted dry-friction connections, which resulted in significant relative 
displacements and increased collapse risk  Updated codes in seismically active 
countries now prohibit the use of friction-based connections. Experimental tests 
have demonstrated that the neoprene-concrete friction coefficient ranges from 
0.09 to 0.13 , which is often insufficient to withstand shear forces from horizontal 
wind actions . In many instances involving simple pinned connections relying on 
friction, connection failure will occur before the formation of dissipative plastic 
hinges at the column bases . Observations from recent seismic events, particularly 
in the Emilia Romagna region of Italy , highlight that precast connections still 
represent a significant vulnerability during earthquake. These observations 
gained additional support from the analysis of the 1999 Kocaeli earthquake in 
Turkey which revealed that over 50% of local industrial buildings experienced 
structural damage  Precast structures, which made up 90% of these facilities, were 
particularly vulnerable due to insufficient stiffness and ductility in their 
connections . In the same earthquake, incomplete precast structures experienced 
complete collapse, demonstrating inadequate connections between their 
components. Similar findings emerged from the more recent L'Aquila earthquake 
in Italy, where precast structures' beams and columns were damaged, with the 
most critical areas being the connections between elements, resulting in beam 
unseating . It was determined that precast structures are more susceptible to 
damage during seismic events compared to cast-in-place reinforced concrete 
structures . Due to these seismic events there is an increased focus on reducing 
seismic risk and understanding the performance of commonly implemented 
solutions. In this sense the fib Bulletins 27 and 48 (Task Group 6.12: fib Design 
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Handbook) offer equations for estimating dowel connection capacities which can 
be considered at a local level and under the condition that all other requirements, 
such as adequate concrete coverage, are met. Some researchers have further 
explored the behaviour of dowel connections with the primary goal of devising 
methods to assess the capacity of these joints , but due to the lack of 
standardization for precast structures, small changes in the geometry of the 
connection can significantly alter their capacity. Consequently, despite the 
numerous studies on precast connections, available data remains limited, and 
additional monotonic and cyclic research is needed, particularly for commonly 
used connection types  There is currently no consensus on ductility, stiffness, and 
hysteretic behaviour. Many factors, such as concrete coverage and force direction 
acting on the connection during seismic actions, are not considered in existing 
connection designs. Experimental tests have revealed that dowel connection 
capacity is reduced by 50% during cyclic tests compared to monotonic tests . 

The need for further experimental research to verify the common 
connection solutions in practice is evident . Various researchers have conducted 
cyclic and dynamic tests on different connection sub-assemblies , and when 
combined with full-scale prototype tests at the ELSA laboratory, it has been 
demonstrated that conventional dynamic modal analysis with response spectrum 
may underestimate the internal forces in the structures and their connections. This 
conclusion is further supported by advanced nonlinear finite element models 
calibrated using experimental results . A similar study was conducted in order to 
evaluate the strength of dowel connections , adhering to the SAFECAST 
guidelines . Despite numerous tests, the conclusion was that it remains 
challenging to draw universally applicable capacity estimations for all connection 
types. This is primarily due to the existence of untested parameters in realistic 
connections, indicating the need for additional research. 

 
 
 
 

2. Experimental procedure description 
 
The literature review reveals numerous beam-to-column connection 

configurations, with minor geometric changes potentially affecting the 
connection's lateral load capacity. This makes it challenging to accurately assess 
the capacity of the connections based solely on design code information. 
Consequently, this research focused on experimentally investigating a dowel 
connection commonly used in Romania's precast industry. As illustrated in Fig. 
2, the dowel is embedded in the precast column forks and inserted into sleeves 
within the beam flanges. These sleeves are grouted to establish a mechanical 
connection and ensure proper force transmission under lateral loads. The study 
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aims to examine the failure mechanism of the proposed assembly through cyclic 
loading.  

 

 
 

Fig. 2 – Precast structure using beam-to column dowel connection. 
 
Due to the significant size of precast elements, some adaptations were 

necessary for laboratory testing and handling. The objective was to minimize 
these modifications to accurately capture the behaviour of a real-life precast 
frame structure with beam-to-column dowel connection. However, the 
adaptations should not impact the assembly's overall. For this experimental 
investigation, an end column supporting a single main beam was selected. The 
specimens' general dimensions are displayed in Fig. 3. 

The column length was reduced from 8.5m to 6m, and to achieve 
equivalent top displacements and rotations, the cross-section was also reduced 
from 80x80cm to 60x60cm. The chosen beam length of approximately 3m was 
determined by the same laboratory constraints and to prevent local effects on the 
connection from load application at the beam's opposite end. Prestressed concrete 
beams can exceed 20m in length.  
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Fig. 3 – General dimension of the test specimens. 
 

Owing to the considerable dimensions of the specimens and the need to 
prioritize safety, the tests were carried out horizontally on the laboratory floor. 
This approach, however, introduces a downside as it creates extra friction on the 
sides of both the column and the beam that come into contact with the floor. This 
added friction could potentially affect the test results, as it might not accurately 
represent the actual conditions that would be encountered in a real-life vertical 
setup. Despite this drawback, the horizontal testing method remains necessary to 
ensure the safe handling and testing of large specimens within the laboratory. The 
testing setup is shown in Fig. 4. Greased steel plate sets were placed beneath all 
moving components to minimize friction as effectively as possible. The column 
was secured at its base with steel structures that mimic actual pocket foundations. 
A separate steel structure was utilized to apply force at the beam's end, allowing 
for the hydraulic jack's installation across the "reaction wall" to conduct the cyclic 
analysis. 
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Fig. 4 – Top view of the testing setup. 
 
Two sets of cyclic loading tests were performed during this research. To 

obtain a wider range of results and to evaluate the dowel concrete coverage effect 
on the capacity of the connection the size of the column fork and the web of the 
beam web were different between the two sets of tests. The dimensions of the 
column fork and the beam end, as well as the positions of the dowels and 
connection holes in the beam for the first set (CT1) can be seen in Fig. 5 and Fig. 
6. The column forks were 29cm thick and the beam web 18cm thick. In this 
common connection setup, the dowels are placed fairly near the inner side of the 
fork, with just 7cm of concrete cover between the dowel's centerline and the inner 
edge, and 20cm to the front edge. For the second set of test (CT2) the column 
forks were 23cm thick and the beam web 30cm thick, the dimensions of these 
specimens can be seen in Fig. 7 and Fig. 8. For both tests dowels of 32mm 
diameter were used.  
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Fig. 5 CT1 – Column fork dimensions and dowels position. 
 

 
 

Fig. 6 CT1 – Beam dimensions and hole position. 
 

 
 

Fig. 7 CT2 – Column fork dimensions and dowels position. 
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Fig. 8 CT2 – Beam dimensions and hole position. 
 

Loading was performed based on the description offered in the 
SAFECAST  testing protocol. The load was applied along the beam's axis. 
Depending on whether the test was monotonic or cyclic, the load was either 
unidirectional (tensile force) or bidirectional (tension and compression). To alter 
the direction of the load, the hydraulic jack was repositioned to the opposite side 
of the reaction wall, pushing the steel frame and transferring the force to the beam 
in the opposite direction. The maximum displacement (at failure) was obtained 
from an initial monotonic test. Based on these results where failure occurred at a 
maximum top displacement of 180mm for the cyclic tests the load displacement 
was divided into three increment groups, 60mm, 120mm and 180mm. The 
loading protocol is shown in Fig. 9. 

 

 
 

Fig. 9 – Cyclic loading protocol. 
 

Two QUANTUM MX840B measurement amplifiers were employed for 
data collection. A total of 16 channels were measured, with data recorded at a 



 Bul. Inst. Polit. Iaşi, Vol. 68 (72), Nr. 1, 2022  99 
 

10Hz sampling rate. The positions of the measuring equipment for the CT1 
experiment can be seen in Fig. 10, which also indicates the locations of the strain 
gauges (SG) and the force/displacement transducers (CH). CH1 and CH2 
transducers measure the relative displacement between the column fork and the 
beam end. For the test CT2, the locations of certain strain gauges were adjusted 
based on the outcomes of the prior test, CT1. As some strain gauges did not record 
significant data, they were relocated to areas where most damage had been 
observed in previous tests, the positions of the measuring equipment for the 
second test can be seen in Fig. 11. 

 

 
 

Fig. 10 CT1 – Measuring equipment position. 
 

 
 

Fig. 11 CT2 – Measuring equipment position. 
 
While casting the test elements, concrete samples were gathered. The 

material properties of these samples were determined according to Eurocode 
guidelines  on the testing day, included compressive strength (for both cubes and 
cylinders), tensile strength, and modulus of elasticity (refer to Table 1 and Table 
2). As you can observe from Table 1 and Table 2, high strength concrete was used 
for both column and beam. Usually in normal practice, prestressed beams use 
such a high class of concrete (C50/60) and the columns are usually casted using 
a C35/45 concrete class. The material properties were determined from three 
separate sets of tests for each testing assembly. The reinforcements, such as the 
dowels, utilized S500B steel class with average properties of fy=561MPa, 
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fu=656MPa, and εu=10.73%. The dowels were grouted with the Sika 
AnchorFix®-3030 product .  

Table 1 
Concrete compressive strength 

Specimen 

Compressive 
strength cube 

(fc) 

Average cube 
(fcm) 

Compressive 
strength 

cylinder (fc) 

Average 
cylinder (fcm) 

(MPa) (MPa) (MPa) (MPa) 

CT1 
1 74.26 

71.25 
59.5 

60.9 2 66.27 57.8 
3 73.23 65.2 

CT2 
1 76.07 

75.70 
67.5 

65.4 2 73.96 64.4 
3 77.07 64.3 

 
Table 2 

Concrete tensile strength and elasticity modulus 

Specimen 
Tensile 

strength (fcf) 
Average 

(fcf.m) 
Elasticity 

modulus (Ec) 
Average 

(Ecm) 

(MPa) (MPa) (MPa) (MPa) 

CT1 
1 4.69 

4.8 
26218 

28367 2 4.9 30232 
3 - 28652 

CT2 
1 4.97 

4.94 
37281 

39079 2 4.73 44597 
3 5.11 35361 

 
3. Test results for the first cyclic test (CT1) 

 
For the first cyclic test, CT1, there was no visible damage in the first 12 

cycles (Fig. 9). Notable cracks emerged around the joint during the 13th loading 
cycle, Fig. 12 shows the initial crack appearing on the column fork corresponding 
to a load of about 249kN. This crack expanded during subsequent cycles and was 
accompanied by smaller cracks in the same area. On the beam side, there were 
numerous small cracks, but none were as large as those on the column fork. 
Dowel deformation became more apparent after the first cracks emerged, 
suggesting internal debonding of the components. During the 17th cycle, the 
specimens were loaded until failure, which occurred suddenly due to a 
combination of steel dowel yielding and concrete spalling around the dowel in 
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the column fork (Fig. 13). The maximum recorded load at failure was roughly 
270kN.  

 

 
 

Fig. 12 CT1 – First crack in the area of the connection. 
 

 
 

Fig. 13	CT1 – Failure mechanism. 
 

During the last loading cycle, the damage around the dowel grew 
exponentially, progressing from minor concrete crushing to sudden concrete 
spalling, which is clearly visible by comparing Fig. 12 with Fig. 13. The damage 
around the dowel in the beam hole area was limited and less significant due to 
the high strength of the material used for injection. The initial conclusion suggests 
that the 70mm lateral concrete coverage of the dowel is inadequate for this 
specific connection, as no other significant damage was observed elsewhere in 
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the assembly. Connection failure should typically occur after the formation of a 
plastic hinge at the column base, which is the intended dissipation mechanism for 
such structures. Outside the connection area, the maximum crack width was 
located at the column base which was approximately 0.60mm at failure. This 
suggests that the column itself did not suffer significant damage, and the 
assembly failure was directly related to the connection failure. 

The observed failure was comparable on both sides of the column. The 
test was halted for safety reasons and to avoid damage to the testing equipment 
once the concrete had spalled. Just before stopping completely, the displacement 
increased while the loading force decreased. Although the dowel connection did 
not experience a full rupture, it was significantly damaged and could not handle 
superior loads. In a real-world scenario, this could be a precursor to a progressive 
collapse if the displacement continues to grow and the beam becomes unseated 
from the column. The plastic hinge's location was roughly 8cm inside the column 
fork for both dowels (Fig. 14), and a longer free length of the dowel, due to the 
unbonding inside the concrete elements, reduced the connection's maximum 
capacity. The capacity of the dowel is influenced by the length between the two 
elements. When the distance between the two concrete elements is close to zero, 
forces are mainly transmitted through shear forces; however, as the value 
increases, the effect of the catenary action becomes significant, inducing 
longitudinal tension forces inside the dowels and reducing the maximum capacity 
of the connection. 

 

 
 

Fig. 14 CT1 – Position of the dowel plastic hinge inside the column fork. 
 
Measurements from CH1 and CH2 (Fig. 15 and Fig. 16) reveal that under 

lateral compression, the relative displacement between the column fork and the 
beam is considerably smaller than under tension. This can be attributed to the 
concrete-to-concrete contact between the two sizable components. CH1 
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registered a larger displacement in both compression and tension, as this 
transducer was situated near the column fork's bottom, while dowel connectors 
were positioned at the top of the fork, effectively diminishing the maximum 
displacement in that region, as demonstrated by CH2 measurement. The elevated 
relative displacements in tension at the fork's bottom further support the 
hypothesis that, under higher loads, the beam could potentially become unseated 
and expedite the assembly's damage. 

 

 
 

Fig. 15 CT1 – Transducer CH1 measurement. 
 

 
 

Fig. 16 CT1 – Transducer CH1 measurement. 
 

The transducers located at the base of the column, CH3 and CH4, reveal 
the free rotation of the assembly due to the imperfect floor attachment; the 
measurements are shown in Fig. 17 and Fig. 18. This rotation persisted and it 
was more pronounced during earlier cycles until the fixing assembly settled into 
position. The failure mechanism of the assembly remained unaffected, as the 
column's fixing assembly still provided adequate strength to secure the base in 
place. The imperfect base attachment resulted in higher-than-anticipated top 
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displacements, which were recorded by CH5 and CH6 transducers. The data 
indicates an initial lower stiffness corresponding to the first cycles, up to 
approximately 60mm displacement, during which the assembly consolidates 
under loading. This is followed by a near-linear increase in stiffness for 
subsequent cycles until the abrupt failure. 

 

 
 

Fig. 17 CT1 – Transducer CH3 measurement. 
 

 
 

Fig. 18 CT1 – Transducer CH4 measurement. 
 
During the final loading cycle leading to failure, the results exhibit a 

sudden strength reduction at around 200mm displacement (Fig. 19). Although 
loading was attempted to continue, another abrupt drop followed, signifying a 
low remaining capacity, and the test was terminated for safety reasons. The initial 
snapback behaviour exhibited by both CH5 and CH6 results (Fig. 19 and Fig. 20) 
coincided with the initial concrete spalling around the dowel connection. During 
the second loading attempt, the insufficient coverage led to further concrete 
damage and a continuous increase in the dowels' free length. 
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Fig. 19 CT1 – Transducer CH5 measurement. 
 

 
 

Fig. 20 CT1 – Transducer CH6 measurement. 
 
The strain gauge findings corroborate the previously described 

connection failure. For instance, the results of 11SG (Fig. 21), positioned on the 
beam perpendicular to the dowel direction, exhibit relatively small strains, with 
a maximum value of 350µm/m. Visual inspection during the test verified that this 
area did not experience significant damage under loading. One potential 
drawback of strain gauges attached to concrete elements is that cracks might form 
outside the gauge area, leading to unrecorded relevant data or damaging the gauge 
if a substantial crack develops directly beneath it. A slight increase in strains is 
noticeable during the final cycles, but it is considerably smaller than the results 
of 13SG (Fig. 22), which are an order of magnitude higher (350µm/m versus 
6500 µm/m). Strain gauge 13SG, located near the dowel on top of the column 
fork, registered the most significant damage through the final loading cycles and 
during the failure of the assembly. 
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Fig. 21 CT1 – Strain gauge 11SG measurement. 
 

Analysis of strain gauges 13SG and 14SG, situated on the column fork 
perpendicular to the dowel direction, reveals decreasing strains for gauges further 
from the connection. As illustrated in Fig. 13, concrete spalling occurred on the 
top side of the fork. However, 14SG still displays a significant strain value of 
2500µm/m, confirming that the plastic hinge within the dowel shifts downward 
under higher loads. Outside this highly stressed area, recorded strains are an order 
of magnitude lower and nearly zero, with no significant change throughout the 
test, for this reason the results of these strain gauges are not shown. The maximum 
results recorded were 90 µm/m for 12SG, 60µm/m for 15SG and 40µm/m for 
16SG. 

 

 
 

Fig. 22 CT1 – Strain gauge 13SG measurement. 
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Fig. 23 CT1 – Strain gauge 14SG measurement. 
 
Regarding strain results at the column bottom, recorded by 17SG (Fig. 

24) and 18SG (Fig. 25) strain gauges, they exhibit lower values compared to 
13SG. Maximum values at the column bottom range between 800µm/m and 
1300µm/m, much lower than the 6500µm/m value recorded by 13SG. This 
suggests that the column base is not as stressed as the area surrounding the dowel, 
reinforcing the claim that the connection failed before any considerable damage 
was observed at the column base. 

 

 
 

Fig. 24 CT1 – Strain gauge 17SG measurement. 
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Fig. 25 CT1 – Strain gauge 18SG measurement. 
 

4. Test results for the second cyclic test (CT2) 
 
During the test specimen installation and connection casting process, a 

minor manufacturing inaccuracy regarding the beam sleeve position made it 
impossible to fully insert the dowels into the beam sleeve when connecting the 
beam and column elements. Consequently, the free length of the dowel between 
the two components was 3cm longer than planned—9cm instead of 6cm (Fig. 
26). A greater dowel bending length can result in reduced connection strength, 
this was observed in the previous test after the dowel bond inside the column was 
damaged, resulting in an increased bending length. 

The loading protocol employed was identical to that of CT1, as shown in 
Fig. 9. The test began with a tension load application, and the final load leading 
to failure was also a tension load which represents the most unfavourable loading 
case for this type of connection. 

In this test, based on the results from the earlier test CT1, some strain 
gauge positions were altered. Since some strain gauges did not record significant 
data, it was decided to relocate them to areas where most of the damage was 
observed during prior tests. Damage was concentrated in the dowel area, causing 
concrete spalling at the column fork corners. Consequently, a strain gauge was 
placed on the front of the column fork, 15SG (Fig. 11). For the concrete beam, 
two strain gauges were positioned on the flange side, 11SG and 12SG (Fig. 11). 
In this test, the concrete coverage surrounding the sleeve within the beam was 
smaller, as previously mentioned, which could lead to crack formation also on 
the side of the beam.  
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Fig. 26 CT2 – Increased free length of the dowel. 
 

Towards the end of the second series of load cycles (Fig. 9), with 
displacements up to 120mm, small cracks began to appear around the dowel in 
both the column fork and the beam end, in the dowel grouting (Fig. 27), at 
approximately 115kN in tension and 160kN in compression. In comparison to the 
previous test (CT1), these cracks developed earlier and, for the first time, began 
propagating within the beam element at higher loads. 

 

 
 

Fig. 27 CT2 – Crack in the grouting of the beam. 
 
During the final cycles with displacements up to 180mm, cracks around 

the connection area expanded in both elements (Fig. 28 and Fig. 29) without 
noticeable damage elsewhere, indicating the connection was starting to fail. At 
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this stage, tension forces were around 190kN, while compression forces reached 
300kN. The higher compression force resulted from the contact between the beam 
end and column fork, with the load transmitted through the concrete as well as 
the dowel. 

The connection strength was significantly lower in tension, showing a 
37% reduction due to load transmission through the dowel as shear forces and 
longitudinal forces caused by catenary action . Damage in the connection area 
was more severe than in the previous test, suggesting that lower concrete 
coverage substantially reduced connection capacity, particularly in the beam 
element. 

 

 
 

Fig. 28 CT2 – Cracks expanding in the column fork. 
 

 
 

Fig. 29 CT2 – Cracks expanding in the beam end, growing on the side of the flange. 
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Before failure, cracks in the beam expanded towards its end, appearing 
on both the web and flange of the elements (Fig. 30). The relative displacement 
between the column and beam was comparable to the previous test (CT1) until 
failure. The final tension load led to connection failure at approximately 245kN 
with a maximum imposed displacement of 210mm, causing sudden concrete 
spalling around the dowels and significant relative displacement between the 
elements. The failure mechanism was a combination of steel dowel yielding and 
concrete spalling (Fig. 31), with no significant damage observed at the column 
base. The reduced concrete cover for the dowels impacted the connection's 
capacity, resulting in a lower failure load compared to the previous cyclic test 
(CT1), which failed at a maximum load of 270kN. 

 

 
 

Fig. 30 CT2 – Cracks developing towards the end of the beam (flange and web). 
 

 
 

Fig. 31 CT2 – Failure of the dowel connection. 
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Another crucial aspect is the dowel's increased free length, as previously 
mentioned and illustrated in Fig. 26. Damage was symmetrical on both sides of 
the elements. 

The reduced concrete coverage effect is also evident in the beam end 
damage (Fig. 32), with large cracks extending to the back of the beam. This is a 
significant difference from previous tests where the beam remained unaffected at 
failure. 

 

 
 

Fig. 32 CT2 – Extensive damage at the end of the beam. 
 
Due to the lower failure load, the maximum crack width at the column 

base in the cross-section change area was smaller compared to CT1 results, with 
a value of 0.50mm versus 0.60mm. The final step exhibited a considerable 
relative displacement between the column and beam, with an approximate 
horizontal displacement of 6cm at failure. This may result from the increased 
dowel distance between the elements or the development of a plastic hinge within 
the beam sleeve. Examining the dowels after failure revealed greater deformation 
compared to previous tests, primarily due to the presence of two plastic hinges. 

The results of the displacement transducers offer further insights into the 
failure mechanism and the behaviour of the entire testing assembly. In the case 
of relative displacement between the column and the beam, data from transducers 
CH1 (Fig. 33) and CH2 (Fig. 34) indicate smaller displacements in compression 
due to concrete element contact, which is more apparent for CH1. CH2 shows a 
lower relative displacement in compression because of the dowel connection at 
the top of the fork. 

 



 Bul. Inst. Polit. Iaşi, Vol. 68 (72), Nr. 1, 2022  113 
 

 
 

Fig. 33 CT2 – Transducer CH1 measurement. 
 

 
 

Fig. 34 CT2 – Transducer CH2 measurement. 
 

In tension, recorded values are higher since the entire force is transmitted 
through the dowels. Before failure, both CH1 (Fig. 33) and CH2 (Fig. 34) display 
a large displacement corresponding to a small force increase, leading up to the 
concrete spalling. After this point, the force decreases with a sudden rise in 
displacement, indicating no remaining connection capacity, at this point the test 
was stopped for safety reasons. 

Displacement transducers CH3 (Fig. 35) and CH4 (Fig. 36) recorded the 
unwanted rigid body rotation of the column due to the base fixing imperfection. 
These values will be used to calculate the rotation and extract it from the top 
column recordings during post-processing. 
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Fig. 35 CT2 – Transducer CH3 measurement 
 

 
 

Fig. 36 CT2 – Transducer CH4 measurement 
 
Data from CH5 (Fig. 37) and CH6 (Fig. 38) reveal the top displacement 

of the assembly. For CH5, a snapback occured after the connection failure, 
indicating that the connection was failing between 190mm and 220mm 
displacement under constant applied load. After the sudden failure, a short 
consolidation occured as forces redistributed. However, the connection could not 
withstand additional load, which lead to the halting of the test. CH6, which 
measured the top displacement of the column, shows an increase in displacement 
after reaching a 245kN failure load but at a lower force, potentially due to dowel 
consolidation after the sudden concreate spalling around it. Both CH5 and CH6 
data demonstrate larger compressive forces due to concrete-to-concrete contact, 
with a maximum force of 300kN during the final loading cycle. However, friction 
force values affect these results, making it difficult to accurately estimate the 
actual failure load of the connection. 
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Fig. 37 CT2 – Transducer CH5 measurement 
 

5  
 

Fig. 38 CT2 – Transducer CH6 measurement 
 
During the test, strain gauges near the dowel connection recorded the 

highest strain values. Data from 11SG (Fig. 39) and 12SG (Fig. 40) revealed 
large strains on the beam flange on the side of the element, confirming visual 
observations. Strain gauge 11SG (Fig. 39) recorded significantly higher values 
than 12SG (Fig. 40), this indicates that cracks propagated towards the back of the 
beam, where 11SG was located. In the previous cyclic test (CT1), no significant 
strain values were observed on the beam flange.Strain gauge 28SG (Fig. 41), 
situated on the top of the beam and perpendicular to the dowel direction, recorded 
a maximum value of 650µm/m. Cracks expanded towards the top of the beam as 
well, approaching the 28SG gauge. Strain gauges are highly sensitive to nearby 
crack formation, as confirmed by the lower values recorded by 12SG compared 
to 11SG data. 
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Fig. 39 CT2 – Strain gauge 11SG measurement 
 

 
 

Fig. 40 CT2 – Strain gauge 12SG measurement 
 
The highest strain value (4100µm/m) was observed top of the column 

fork by strain gauge 13SG (Fig. 42), where the first cracks developed around the 
dowel. The lateral side of the fork showed no significant strains, as evidenced by 
data recorded by the gauges 14SG and 16SG, with a maximum value of 
approximately 80µm/m for both, for this reason the graphs are not presented as 
they recorded mainly noise. Smaller concrete coverage of the dowel towards the 
interior of the fork led to the largest concentration of the damage in that area due 
to higher stress concentration. Strain gauge 15SG (Fig. 43), located on the front 
of the column fork and parallel to the dowel direction, recorded higher values 
(400µm/m) due to its proximity to the concrete spalling area in the interior corner 
of the fork (Fig. 31).  

Data spikes at failure indicate a sudden connection failure, particularly 
for 11SG and 13SG. Strains for 28SG and 15SG developed incrementally during 
each cycle, as seen in the intermediate parts of the corresponding graphs. 
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Fig. 41 CT2 – Strain gauge 28SG measurement 
 

 
 

Fig. 42 CT2 – Strain gauge 13SG measurement 

 
 

Fig. 43 CT2 – Strain gauge 15SG measurement 
 

Higher strain values (1900-2200µm/m) were observed at the base of the 
column by the strain gauges 17SG (Fig. 44) and 18SG (Fig. 45). These values 
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increased incrementally during cyclic loading. Strain data at the base of the 
column is clearer due to uniform load distribution, unlike the results recorded 
near the connection with high concentrations of effects in small areas. Although, 
by comparing the maximum value from 17SG, it is 50% smaller than the 
maximum value recorded by 13SG, indicating connection failure before 
significant column damage. The results show similar behaviour to experiment 
CT1. In terms of absolute values, strain gauge results from the CT2 test displayed 
higher values at the base of the column compared to the CT1 test, even with a 
10% smaller maximum load. As strain gauges are sensitive to nearby crack 
formation, it is possible that in CT2, cracks formed closer to the gauges or even 
as micro-cracks directly beneath them. 

 

 
 

Fig. 44 CT2 – Strain gauge 17SG measurement 
 

 
 

Fig. 45 CT2 – Strain gauge 18SG measurement 
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5. Conclusions 
 

This study has investigated the behaviour and failure mechanism of the 
beam to column dowel connection under lateral cyclic loads. This was done 
through two cyclic tests on two different concrete coverage scenarios around the 
dowel. The key findings from the experiments are:  
1. The assembly failure for both tests (CT1 and CT2) coincided with dowel 

connection failure in all experiments. 
2. The CT1 assembly failure was associated with dowel yielding and concrete 

spalling in the column fork, occurring in tension at a load of 270 kN. 
3. The CT2 assembly failure was associated with dowel yielding and concrete 

spalling of both column fork and beam flanges. The failure load for the 
second cyclic test, CT2, was 245 kN, which is 10% lower than that of CT1, 
due to reduced concrete coverages surrounding the dowel connector caused 
by alterations in the geometries of the connection area for the concrete 
elements. 

4. No significant damage occurred in concrete elements outside the connection 
area, and the concrete column had minimal crack openings (<1mm) at the 
base. 

5. The dowel connection failed to transmit sufficient lateral loads for the 
required dissipative failure mechanism in precast industrial halls, considered 
as inverted pendulum structures. 

6.  Ideally, in design considerations, the column base should develop a plastic 
hinge and dissipate the energy induced by the cyclic loading (or dynamic 
loading in an actual earthquake scenario) while the connection and the 
concrete area around the dowel remain elastic, transmitting horizontal forces 
to the column. However, the results demonstrate that the connection failed 
before the dissipative mechanism began developing in the column, as 
strains around the connection were more than four times larger. 

7. Dowel connection capacity was influenced by concrete coverage in relation 
to column fork sides, with lower thickness resulting in smaller concrete 
coverages and lower failure loads. 

8. Although large-scale tests are challenging and costly with limited data 
collection, the results can calibrate finite element models for additional 
information on element behaviour leading to assembly failure. 
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ANALIZA EXPERIMENTALA CICLICA A UNEI CONEXIUNI GRINDA-STALP  
 

(Rezumat) 
 

Acest studiu investighează comportamentul și mecanismul de cedare sub sarcini 
laterale a unei conexiuni cu dornuri de tip grindă-stâlp utilizată frecvent la hale industriale 
prefabricate din beton armat. Au fost efectuate două teste ciclice la scară reală pentru a 
evalua comportamentul ansamblului prefabricat. Rezultatele au demonstrat că cedarea 
ansamblului coincide cu cedarea conexiunii cu dornuri, aceasta fiind cauzată de cedarea 
la încovoiere și forfecare a dornurilor și de desprinderea betonului din furca stâlpului. Nu 
au fost observate deteriorări semnificative în elementele de beton în afara zonei de 
conexiune. Mecanismul de cedare disipativă a stâlpului nu a fost activat, ceea ce indică 
faptul că această conexiune cu dornuri nu a putut transmite suficiente sarcini laterale 
pentru a satisface această cerință. Capacitatea maximă a conexiunii cu dornuri a fost 
influențată de stratul de acoperire cu beton a dornurilor în raport cu partea laterală a furcii 
stâlpului. Această analiză servește drept bază pentru investigații suplimentare și 
potențiale îmbunătățiri în proiectarea și performanța conexiunilor la construcții 
prefabricate din beton armat. 

 



 
 


