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Abstract

This research focuses on the lateral stability (LS) of a longitudinally assembled girder (AG), constructed for both economic and 

constructional purposes. The AG features a central precast prestressed concrete (PPC) beam, 34.175 meters long, extended by two 

precast reinforced concrete (PRC) beams, each 2.63 meters long, connected by bolted joints. A gap between the joints was filled 

with high-strength grout to efficiently transfer compressive stresses. The experimental study considered two types of imperfections: 

initial lateral imperfections in the AG and the initial tilt angle between the connected surfaces. Three tests (AG1-A, AG1-B, AG2) were 

performed using nondestructive loading with concrete blocks to assess LS. The first two tests were conducted on AG1, keeping the 

initial imperfections consistent but varying the preload on the bolts, while the third test used specimen AG2, which had greater lateral 

imperfection at the mid-span cross-section. Test results showed that, due to the high preload, the tilt angle imperfection had a negligible 

impact on the AG's lateral stability, as separation at the connections was minimal. AG1, in tests AG1-A and AG1-B, remained laterally 

stable throughout the entire loading process, whereas AG2 experienced stability loss due to insufficient lateral restraints, significant 

geometric imperfections, and eccentric loading.
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1 Introduction
In the design and building of long-span structures, precast 
reinforced concrete (PRC) beams are frequently employed, 
and their use is expanding to enhance structural perfor-
mance and speed up construction [1]. This type of beams 
can now be longer and slenderer thanks to the advancement 
of high-strength materials and prestress technologies [2]. 
Nevertheless, the structural configuration and fabrication 
of elongated and more slender beams have prompted inqui-
ries regarding the occurrence of lateral instability failure, 
a failure mode that was not previously considered to be 
significant in concrete beams [3]. In addition, slenderness 
increases the risk of lateral torsional failure in the presence 
of various factors that will recover later in this paper.

The occurrence of stability failures in construction poses 
a potential hazard to personnel, as these failures might hap-
pen abruptly and without warning. Moreover, the occur-
rence of stability failures in prestressed concrete girders 
during the construction phase would result in significant 

economic consequences. These consequences would arise 
from various factors, including the expenses incurred due 
to the failure of the girder, subsequent delays in construc-
tion activities, potential damage to construction equipment, 
and the potential need for temporary closures of highways 
on which the bridge is being built [4]. There are extensive 
studies regarding various structural members' lateral tor-
sional buckling failure. Comprehensive research has been 
conducted on lateral-torsional buckling (LTB) in steel and 
composite members since the 1950s, due to the inherently 
narrow nature of the cross-sectional geometries employed 
in these materials. Limited experimental investigations 
and findings have been conducted about the LTB char-
acteristics of flexural structural concrete elements [5]. 
Notwithstanding, several researchers studied the fac-
tors that cause this type of failure in prestressed concrete 
beams, for instance, the impact of prestressing force on the 
stability of structural concrete beams has been a subject 
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of investigation by numerous scholars since 1950s [6–8]. 
It has been determined that prestressed concrete flexural 
members, whereby the strands or tendons are adhered to 
the concrete, exhibit an inability to buckle due to the pres-
ence of a constraint on out-of-plane displacement origi-
nating from the pre-stressing strands [9]. [10] postulated 
that the application of prestressing force would not induce 
buckling in the structural element, while acknowledg-
ing that externally imposed loads may still lead to buck-
ling of the same element. In addition, the lateral deforma-
tion resulting from environmental temperature influences 
was investigated by [11, 12] in order to assess the lateral 
behavior and stability of bridge girders. This investigation 
included a combination of three-dimensional finite element 
modelling and experimental data. Additionally, number of 
studies proposed equations to calculate the buckling load 
for RC beams without considering the influence of the ini-
tial geometrical imperfections [13–15]. Several research-
ers utilized Southwell plot, which is a widely recognized 
method for experimentally finding the elastic critical buck-
ling load of a structure with initial geometrical imperfec-
tions, without the need to submit the structure to loading 
in close proximity to the critical point [16]. Some studies 
considered the results obtained from the standard version 
of Southwell plot is satisfactory enough [17–21]. While oth-
ers have argued that and made several modifications on 
these plots to get a more dependable outcome [22–24]. 
[3, 25, 26] developed an analytical expression to calculate 
the buckling load for RC beams with initial geometrical 
imperfections such as initial sweep and initial rotation. 
However, limited studies focused on the imperfections' 
contribution to the LTB failure for concrete girders. 

This paper aims to provide the scientific community 
with more experimental data and arguments regarding LTB 
and/or rollover failures due to imperfections like geomet-
rical imperfections and to introduce a novel imperfection 
termed the "initial tilt angle" between the plane surfaces 
of the bolted connection. This imperfection arises due to 
the misalignment of the connection components responsi-
ble for joining the three parts together. Such imperfections 
may decrease the initial stiffness of the connection after 
the application of loads, adversely impacting the girder's 
lateral stability Furthermore, the study's limitations will 
be addressed in the conclusion section.

2 Motivation behind the proposed bolted connection
A contract to produce slender PPCGs for the purpose of 
erecting a hall structure with a span of 40 meters has 
been granted to PREbeton Zrt., a Hungarian company 

that specializes in prefabricated construction. However, 
a unique structural challenge arose as the span length 
of the girder exceeded the capacity of the company's 
prestress bench length, which is limited to 35 meters. 
MUROBAU Kft., another Hungarian designer company, 
developed an innovative solution to overcome this chal-
lenge. The essence of this solution involves creating a 
novel structure by adding PRC beam to each end of the 
central prestressed girder as an extensions. These exten-
sions are connected to the prestressed girder using Peikko 
bolted connections system.

3 Experimental program
3.1 Specimen details
The experimental program consists of three tests on 
two AGs; the first two tests were conducted on AG1 and 
labeled as (AG1-A and AG1-B), while the third test was 
conducted on AG2 and labeled as (AG2); Both specimens 
consist of three parts; the central part is the longest and 
has a length of 34.175 meters, and it is pre-tensioned using 
28 prestressing steel strands. The other two parts are the 
extension beams with a length of 2.63 meters each and are 
normally reinforced beams. The beams are longitudinaly 
assembled using bolted connections; it's worth mentioning 
that these connections are used for the first time in this 
study to connect PRC beams horizontally; their original 
purpose is to connect beams to columns and columns to 
columns, this connection system consists of two parts, the 
first part called BECO Beam Shoe, it's casted into the end 
part of the extension beam together with main and second-
ary reinforcement, while the second part called COPRA 
Anchoring Couplers which are casted into the end of the 
central beam together with the main and secondary rein-
forcement. Four pairs of (BECO 20H – COPRA 20H-P) 
are located in the upper side of each connection zone in 
one row pattern, two pairs of (BECO 20H – COPRA 20H-
P) are placed in the middle side of each connection zone in 
one row pattern, while four pairs of (BECO 39H – COPRA 
39H-P) are fixed in the lower side of each connection zone 
in two rows pattern. The bolted connection's parts plan 
and dimensions are shown in Fig. 1 and Tables 1, 2, respec-
tively [27, 28], while the details of the material properties 
of the tested specimens are listed in Table 3. Once the cur-
ing process is completed for all three parts, the central part 
is positioned on two temporary supports, while the two 
extension parts are joined to the central part, a 50 mm gap 
between assembled beams is used to ensure proper grout-
ing, which is essential for load distribution and structural 
integrity. This gap allows for adequate space to place and 
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compact the grout, ensuring a strong bond and effective 
load transfer. It also provides tolerance for minor mis-
alignments during assembly, making it easier to adjust the 
beams correctly. Additionally, the 50 mm gap helps main-
tain the stiffness of the connection, crucial for resisting 
horizontal loads and preventing excessive deformation.

After reaching the design compressive strength of the 
mortar the mold was detached, and the connection compo-
nents on both connection zones, including bolts, washers, 
and nuts, underwent thorough cleaning and lubrication. 

Subsequently, taking into account the initial inclination 
imperfections of connection parts, a relatively high tight-
ening torque of 1.2 kNm must be applied to all nuts at 
tests 1 and 3 to achieve firm contact and reduce the gaps 
that may arise due to the initial inclinations of the con-
nection parts, while at test 2, the upper row of the bottom 
connection's nuts at the outer side of the AG1 loosened 
to almost 1 Nm. The assembled girder is a delta-shaped 
girder, meaning its cross-sectional depth varies along 
the span length. The maximum depth occurs at mid-
span, while the minimum depth is at the girder's ends. 
This variation in depth results in differing slenderness 
along the span. The geometric complexity makes the cal-
culation of the critical buckling moment extremely com-
plex, as there is no direct theoretical formula available 
for this case. To address this, analysis and design soft-
ware (RIB Software SE) was used to calculate the criti-
cal buckling moment, considering initial imperfections in 
accordance with Eurocode 2 [29]. The calculated critical 
buckling moment is 5478 kNm, occurring at the mid-span 
section, where the slenderness is minimal.

3.2 Test setup
Each specimen placed on two rigid concrete mem-
bers on both sides for a simply supported condition; 
(400 × 400 × 10) mm rubber bearing pads placed between 
the girder and the support to handle the vertical compres-
sive loads evenly and to allow horizontal movement to 
preserve the supports from cracking and spalling; addi-
tionally, to enhance out-of-plane torsional rigidity, fork 
supports are strategically positioned at both ends of the 
girder. These supports consist of two vertical holes, each 
with a 63 mm diameter, placed 19 cm from the edge of 
each support. Two steel bars, each 25 mm in diameter, are 
embedded within these holes. Subsequently, the holes are 
filled with grout material to ensure secure fixation. A total 
of ten Linear Variable Differential Transformers (LVDTs) 
were fixed at the girder to capture the displacements; four 
sensors at both connection zones to capture the separation 
between the connected parts and installed as follows: two 
at the upper side of the connection zone, and two at the 
lower side of the connection zone. The other two sensors 
are fixed at the midspan cross-section of the girder to cap-
ture the vertical and lateral deflections. Table 4 and Fig. 2 
show these displacement sensors' symbols and locations. 
The loading process was executed using concrete blocks 
measuring 60 × 60 × 180 cm with a 16 kN/PC weight. 
The experimental setup can be seen in Fig. 3.

Table 1 BECO Beam Shoe dimensions (mm)

B H t R Ø1 Ø2 Ø3 Øop

BECO 
20H 125 1085 20 50 16 - 12 30

BECO 
39H 190 2250 45 60 32 - 28 55

Table 2 COPRA Anchoring Coupler dimensions (mm)

M lTB lCo ØC Ø la L Washer

COPRA
20H-P M20 145 60 30 20 1200 1315 Ø44-6

COPRA
39H-P M39 245 120 65 40 2510 2695 Ø90-10

Table 3 Material properties

Concrete quality C50/60-XC1-16-F3

Concrete quality during tensioning C30

Concrete cover 20 mm

Reinforcing steel B500B

Prestressing steel strand Y 1860 S7-12,5-R1-F1-C1

Applied prestressing force 1200 MPa

Fig. 1 Connection details
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3.3 Initial imperfections
The tested specimens exhibit two unregulated initial imper-
fections: the geometrical imperfection of the central pre-
stressed girders and the misalignment of the bolted con-
nection parts. Regarding the geometrical defect, it's almost 
impossible to manufacture a perfect prestressed concrete 

girder. Accidental eccentricity in this type of girder can arise 
from various factors, including fabrication imperfections, 
the eccentricity of prestressing forces applied on the ten-
dons, cracking, and permanent deformations resulting from 
handling and transportation processes, and the eccentricity 
induced by solar radiation exclusively heating one side of 
the girder [4]. Based on previous studies, one of the most 
influential geometrical imperfections affecting the lateral 
stability of prestressed concrete girders is the girder's ini-
tial sweep at its mid-span cross-section [3, 25]. Due to the 
complicity of the girder's geometry, the initial lateral imper-
fection (ILI), which is the horizontal distance between the 
center of gravity of the girder and its roll axis at the midspan 
section, couldn't be measured using the classic measuring 
methods. Instead, a point cloud technology was employed 
to measure this characteristic [30, 31], which is a discrete 
collection of data points in space. These points represent 
a three-dimensional shape for the assembled girder before 
and during the loading process. A unique set of Cartesian 
coordinates (X, Y, Z) is associated with each point posi-
tion. Additionally, point cloud data is generated by using 

Table 4 LVDTs symbols and locations

Symbol Location

RUI Right end, upper side, inner face of the girder

RUO Right end, upper side, outer face of the girder

RBI Right end, bottom side, inner face of the girder

RBO Right end, bottom side, outer face of the girder

LUI Left end, upper side, inner face of the girder

LUO Left end, upper side, outer face of the girder

LBI Left end, bottom side, inner face of the girder

LBO Left end, bottom side, outer face of the girder

Vertical 
displacement

Lowest corner of the bottom flange at the inner face 
side of the girder

Lateral 
displacement

Highest corner of the top flange at the outer side of 
the girder

Fig. 2 Displacement sensors layout

Fig. 3 Experimental setup (dimensions in cm)
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a laser scanner device (Surphaser 400), as shown in Fig. 4; 
in Fig. 4(b), the green object represents the initial outer 
face of the girder before loading, while the red object rep-
resents the outer face of the girder after being fully loaded. 
By using AutoCAD software to compare the geometry of 
both objects, it becomes easier to measure the lateral defor-
mation and twist angle during the loading process.

After processing the point cloud data, it turns out that 
C.G. at the midspan of AG1 initially shifted (26) mm from 
its roll axis, and (46) mm for AG2. It worth mentioning that 
fixing horizontal displacement sensors perpendicular to 
girder side faces can lead to errors due to the girder's lateral 
rotation and translation during loading, as the sensors mea-
sure diagonal instead of perpendicular distance. However, 
leveraging laser scan measurements provides an approach 
to adjust and validate sensor readings manually, minimiz-
ing error percentages associated with lateral movements 
during loading. The second imperfection is the initial gap 
or the tilt angle between the plane surfaces of the bolted 
connection, i.e., the error angle between the steel plate and 
the washer, and this is due to the inclination of beam shoe's 
steel plate and/or bolt, caused by the intersection between 
their fixing bars with the girder's main and secondary rein-
forcement bars. This type of imperfection is highly com-
plicated to catch using the laser scanning technique; the 
author believes employing high preloads on the nuts will 
significantly reduce the effect of the later-mentioned imper-
fections of the stiffness of the connection system.

3.4 Experimental results and discussion
Generally, the loading process is divided into 18 steps. 
In each step, a pair of concrete blocks is placed, except 
for steps 9 and 18, where only a single block is placed. 
The first pair distanced 3.3 m from the support to avoid 
shear cracks at the girder's notches due to high shear 
forces, a tolerance distance for crane movement of 20 cm 
was left between loading pairs. Facing the inner face of 
the girder, the process begins from the right-end support 
and proceeds toward the mid-span, with 17 blocks placed 
in total. This process is then repeated in reverse, starting 
from the left-end support and again moving toward the 
mid-span, placing another 17 blocks. This results in a total 
of 34 blocks (535.5 kN), as illustrated in Fig. 3. After com-
pleting the loading process, the calculated bending moment 
at the mid-span cross-section of the girder is 3996 kNm 
including the self weight of the girder. As mentioned ear-
lier, the experimental program comprises three tests: AG1-
A, AG1-B, and AG2. The first two tests were conducted on 
specimen AG1, while the third test was conducted on spec-
imen AG2. The details of the tests are explained as follows;

3.4.1 AG1-A Test
Prior to initiating the loading process, a relatively high 
preload of 1.2 kNm was applied to all connection nuts to 
mitigate any potential adverse effects of separations on 
the initial stiffness of the connections. To induce signif-
icant separations and verify the reliability of the LVDTs, 

Fig. 4 3D laser scanning (a) laser scanner (b) point cloud results displaying the outer face of the girder before and after being fully loaded
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the girder was loaded with 44 concrete blocks (693 kN). 
Following unloading in preparation for the second test, 
laser scan measurements revealed residual vertical and lat-
eral deformations of 25 mm and 15 mm, respectively, which 
occurred as the girder entered the plastic region due to 
overloading. Consequently, the initial lateral imperfection 
of specimen AG1-B increased from 26 mm to 41 mm, mea-
sured at the center of gravity at the mid-span cross-section.

3.4.2 AG1-B Test
To investigate the impact of increased separation at both con-
nection zones, this test aims to assess how such movement 
affects the initial stiffness of the connections and whether it 
negatively influences the lateral stability of the assembled 
girder, the preload of the upper row of the bottom connec-
tion's nuts at the outer side of the AG1 girder loosened to 
almost 1 Nm. There was a slight increase in the vertical and 
lateral displacements noticed at the end of this test.

3.4.3 AG2 Test
This test was performed on specimen AG2 using the same 
preload applied in AG1-A test. However, the initial lat-
eral imperfection of AG2 was nearly twice that of speci-
men AG1. Upon fully loading the girder with 34 blocks, it 
experienced a loss of lateral stability as shown in Fig. 5(a), 
resulting in elastic buckling at a mid-span bending moment 
of 3996 kNm. This was lower than the critical buckling 
moment of 5478 kNm, as calculated using RIB SE soft-
ware. The instability was attributed to several factors, 
including insufficient lateral restraints at the supports, 
caused by the complete slip of the fork support bars from 
the surrounding grout, as shown in Fig. 5(b). Additionally, 
the initial rotation of the mid-span cross-section led to the 
development of additional twisting moments, which were 
induced by the elevated center of gravity of the loading 
blocks. Fig. 6 presents the vertical and lateral deflections at 
the mid-span cross-section of the girder, along with the sep-
arations at the connection zones across all tests. In all three 
tests, the recorded separation values in the connection zone 

did not exceed 0.6 mm, indicating that these minimal sep-
arations had a negligible impact on the lateral stability of 
the tested assembled girders. In Fig. 6(c), it can be seen that 
the lateral movement of the AG2 mid-span cross-section 
increased dramatically during the final steps, signaling that 
the girder has already lost its stability. Fig. 7 illustrates the 
comparison between the connection separations of AG1-A 
and AG1-B. As previously mentioned, these tests were per-
formed on the same specimen, AG1. However, in the sec-
ond test, AG1-B, the preload of the upper row of nuts on the 
bottom connection at the outer side of AG1 was loosened 
to approximately 1 Nm. This adjustment was intended to 
examine the effect of preload on the initial tensile stiffness 
of the bolted connection system.

The results in Fig. 7 indicate that reducing the preload 
of the upper row only did not impact the connection's 
stiffness. This is because the tensile stresses at the bot-
tom were entirely transferred by the lower-row connec-
tions, rendering the upper-row non-essential. The upper 
row functions as a backup in case of potential damage, 
such as yielding, in the lower row connections.

4 Conclusions
This paper presents experimental results and discusses 
the relationship between the connections' separations and 
the lateral stability of the assembled girder. AG1-A and 
AG1-B were fully loaded with slight lateral movement due 
to minor initial geometrical imperfection of the mid-span 
cross-section. After AG2 was fully loaded with 34 blocks, 
it lost lateral stability and experienced elastic buckling at 
a mid-span bending moment of 3996 kNm. This value was 
lower than the critical buckling moment of 5478 kNm. The 
instability was caused by several issues, including inad-
equate lateral restraints at the supports, where the fork 
support bars slipped from the grout. Additionally, the ini-
tial geometrical imperfections of the mid-span cross-sec-
tion introduced extra twisting moments, exacerbated by 
the higher C.G. of the loading blocks. The application 
of a high preload on the connection's nuts mitigated the 
adverse effects of the initial tilt angles of the connection 
components. This increased the initial tensile stiffness of 
the connections and minimized separations between the 
parts, rendering the impact of these separations negligible.

Further testing is required to investigate additional fac-
tors affecting the lateral stability of assembled girders with a 
high slenderness ratio, such as the magnitude of the preload 
applied to the connection nuts. The best approach for these 
future studies is to employ finite element modeling, as exper-
imental tests with such characteristics are extremely costly.Fig. 5 (a) Stability failure at full loading, (b) fork support failure
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Fig. 6 Vertical, lateral deflections, and connections' separations for the tested specimens,
(a) Specimen AG1-A, (b) Specimen AG1-B, (c) Specimen AG2

Fig. 7 Connections' separations at the bottom side of AG1-A and AG1-B for both (a) left end, (b) right end
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