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Abstract

he definition of load transfer mechanisms between beams and

columns remains one of the main challenges in developing

composite and hybrid structural systems. Although conventional

shear connectors such as headed studs are well established,
alternative devices like composite dowels have recently gained attention for
their constructive efficiency. However, research on the post-fire behavior of
shear connectors remains limited. Assessing these parameters is essential for
optimizing repair interventions in fire-damaged buildings. Therefore, this
study reviews the main parameters influencing the performance of shear
connectors under ambient and post-fire conditions, with emphasis on
composite dowels. The research methodology involved a systematic search of
the Scopus, Compendex, and Web of Science databases using specific
keywords related to post-fire shear connector performance. Only studies that
directly investigated connector behavior after fire exposure and cooling were
selected. Additionally, a concise review of the residual properties of steel and
concrete is presented. The results aim to identify possible post-fire failure
mechanisms and provide guidance for the assessment of load transfer
mechanisms in fire-damaged columns.
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1 Introduction

The use of composite and hybrid structural systems in civil engineering has become increasingly common
over recent decades. These systems enable the exploitation of the unique properties of various materials,
thereby complementing their individual limitations. In composite elements, this synergy is particularly
pronounced, as the overall strength of the assembly surpasses that of a homogeneous element composed of a
single material. Conversely, in specific scenarios, the adoption of hybrid elements can lead to cost reductions
and enable shorter construction timelines, making them an economically attractive option.

Among the challenges associated with designing such structures is the development of efficient load transfer
mechanisms between beams and columns. The literature presents a variety of connection configurations
suitable for these applications. For reinforced concrete columns, for example, a connection plate with headed
studs welded to it can be embedded in the concrete (Figure 1a). After the concreting process, a perpendicular
plate is welded to this embedded plate, facilitating the connection to the web of a steel beam and creating a
connection characterized as flexible. To maintain beam continuity or achieve a rigid connection, the use of
through-beams or through-bars can be considered (Figure 1b and 1c).

Figure 1 - Different configurations of connections between beams and columns
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For concrete-filled composite tubular columns, through-plate connections can accommodate beams on one or
both sides of the column, as shown in Figures 1d and le. This connection type can also be used for reinforced
concrete columns, although it may interfere with the longitudinal and transverse reinforcement. For rigid
connections, it is necessary to ensure the effective transfer of forces resulting from the end bending moment.
This can be achieved through the use of external transverse rings or diaphragms (Figures 1f and 1g).

In composite columns, load introduction regions require special attention, as a portion of the load from the
steel element must be transferred to the concrete. If the calculated shear strength of the interface is lower than
the shear stress induced by the applied loads, stud bolts are commonly used to transfer the load (Figure 2a).
Alternatively, bolts welded to the steel tube can be employed (Figure 2b). Although this is a simple and
relatively easy solution, the field welding of these bolts introduces an additional construction step and requires
subsequent inspection.

In pursuit of new alternatives, recent research has focused on the application of connectors known as
composite dowels for load transfer. In essence, these connectors consist of steel plates with regular cutouts.
Over the years, different configurations have been tested and applied. However, the clothoidal and puzzle
geometries (Figure 3b and 3c) are currently the most internationally accepted, and their design is addressed in
the German technical approval Z-26.4-56 (DIB, 2023). Another option is the Crestbond connector (Figure 3a),
studied in Brazil by Verissimo (2007).

The clothoidal and puzzle shear connectors were originally designed for use in steel-concrete composite beams
in bridge construction. These connectors can be welded to the top flange (Figure 4a) or integrated directly into
the web of the steel beams (Figure 4b). The latter configuration offers material savings, as the top flange is
eliminated, and the steel area near the neutral axis of the composite beam is minimized. Additionally,
composite dowels can be employed in T-shaped composite beams, which utilize even less steel profile
material. In this case, various configurations can be adopted, some of which are illustrated below (Figures 4c
and 4d).

Figure 2 - Load transfer mechanisms using (a) stud bolts in partially encased composite columns and (b)
welded bolts in concrete-filled composite columns
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Figure 3 - Examples of shear connector geometries in steel plates with cutouts
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Source: Cardoso (2018).
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Figure 4 - Examples of composite dowels applications

(a) Lechner (2018)

(c) Feldman, Kopp and Pak (2016) (d) Seidl et al. (2013)

Following the successful results regarding the behavior of composite dowels in steel-concrete composite
beams, their potential application as load transfer mechanisms between beams and columns was identified
(Figure 5). In this new approach, the geometry of the composite dowel is directly incorporated into the
connection plate, also referred to as single plate, featuring interleaved cutouts identical to those of the
previously mentioned composite dowels. The regular spacing between the dowels on the plate facilitates the
placement of stirrups that are part of the column reinforcement. Furthermore, depending on the load level, the
connection plate itself can transfer the load without the need for additional elements, making this solution
even more attractive.

This new connection model has been investigated over the past decade, particularly within the Graduate
Program in Structural Engineering at the Federal University of Minas Gerais (UFMG). From these
investigations, the following studies can be cited: Aguiar (2015), Aguiar et al. (2015, 2018), Cardoso, Caldas
and Fakury (2016), Cardoso, Aguiar and Caldas (2020), Cardoso (2018), Pereira (2020), Santos (2021), Prado,
Miranda and Caldas (2022), Pereira et al. (2023), Silveira et al. (2023), Silveira, Caldas and Santos (2024),
Silveira (2024), Miranda (2024), and Camargo, Caldas and Santos (2024). All of these works confirmed the
feasibility of this connection model, particularly in concrete-filled composite columns and reinforced concrete
columns under ambient temperature conditions.

However, it is still evident that the behavior of composite dowels, as well as other types of shear connectors,
requires further investigation. In recent years, there has been a growing interest among the scientific
community in conducting research on this topic, but the number of publications remains limited.
Consequently, there is a lack of guidelines or calculation procedures to assess the behavior of these load
transfer mechanisms when applied to columns from buildings exposed to high temperatures. This gap limits
the development of strategies aimed at reducing the costs associated with necessary repair interventions and
enabling a faster return to service for users.

Thus, this article presents a literature review on the application of shear connectors under ambient and post-
fire conditions, as well as on the residual properties of concrete and steel after exposure to high temperatures
followed by cooling. The aim is to provide guidance for the structural analysis of these load transfer
mechanisms when applied to columns, with particular emphasis on composite dowels, given their potential
for use in buildings with composite and hybrid structural systems.

2 Methodology

Initially, a literature review was conducted to gather general information on the main types of shear connectors
and on the development of those referred to as composite dowels. Subsequently, recent studies carried out at
UFMG were analyzed, focusing on the application of shear connectors for load transfer in concrete-filled
composite columns and reinforced concrete columns under ambient temperature conditions.
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Figure 5 - Connection between steel beams and a concrete-filled composite column using single plates
with regular cutouts
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Source: adapted from Oliveira et al. (2014).

In the next step, a selection process was undertaken to identify articles addressing the behavior of shear
connectors applied in structural elements subjected to elevated temperatures followed by cooling. The search
strategy involved the use of specific keywords within the titles, abstracts, and keyword fields of the target
publications: shear connector after fire or post fire, headed stud after fire or post fire, stud bolt after fire or
post fire, and anchor after fire or post fire. Searches were conducted in the Scopus, Compendex, and Web of
Science databases, given their relevance to the field of Structural Engineering. Due to the limited number of
publications on this subject, no restrictions were imposed regarding the publication year. However, only
studies that directly assessed the behavior or influence of shear connectors under post-fire conditions were
included. Publications in which shear connectors were merely present in the structural elements, without being
the focus of analysis, were excluded.

Regarding the residual properties of concrete and steel after fire exposure, the review was conducted with a
more concise scope due to the broad nature of the topic and the large volume of publications available.
Nevertheless, an overview is provided concerning the mechanical property changes of concrete and steel after
exposure to high temperatures and subsequent cooling, along with findings from studies addressing different
factors that directly affect these residual properties.

Finally, a comparison is presented between the residual compressive strength of concrete and the residual yield
strength of steel as a function of the maximum temperature reached, aiming to illustrate the degradation of
these properties at different temperature levels.

3 Results and discussion

The subsequent sections present the most relevant findings from the preceding literature review.

3.1 Main types of shear connectors

Shear connectors can be defined as elements that promote a mechanical bond between steel and concrete
components, creating a unified system to resist applied loads. In general, they provide composite behavior to
the structural element or connection in which they are employed.

As reported by Malite (1993), Verissimo (2007), and Chaves (2009), research on the behavior of shear
connectors began in the first half of the 20th century. Today, several configurations of devices are available
for this purpose. In Brazil, NBR 8800 (ABNT, 2024) approves the use of two types: headed studs (stud bolts)
and U-shaped profiles, either laminated or cold-formed (Figure 6).

According to Kopp et al. (2018), research on shear connectors known as composite dowels began in the 1980s
(Figure 7). These connectors can be described as steel plates with interleaved regular cutouts, forming steel
and concrete dowels (Cardoso, 2018). Clothoidal (CL) and puzzle (PZ) connectors are currently the most
internationally accepted models. The German technical approval Z-26.4-56 (DIB, 2023) has included these
two models since 2013, and their use in composite bridge beams has become more widespread.

A literature review on the ambient and post-fire behavior of load transfer mechanisms in columns 5
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Figure 6 - Shear connectors in the form of (a) stud bolts and (b) laminated U-shaped profiles

Source: Verissimo (2007).

Figure 7 - Development of plate connectors
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In Brazil, Verissimo (2007) studied a steel plate shear connector with trapezoidal cutouts and rounded corners,
named Crestbond (Figure 8). It was created as an alternative to stud bolts, U-profiles, and Perfobond,
commonly used in composite steel-concrete beams. Its advantages include the possibility of installation in
narrow flanges, where U-profiles are often impractical; higher ductility compared to Perfobond; open holes
for the placement of slab reinforcement; installation without the need for special equipment, unlike stud bolts;
higher productivity due to its symmetry; and easy installation in precast slab systems.

3.2 Failure mechanisms of composite dowel connectors

The German technical approval Z-26.4-56 (DIB, 2023) establishes design criteria for continuous clothoidal
and puzzle connectors. Figure 9 presents the standardized dimensions of these two connector types as a
function of ey, which represents the distance between the centers of the dowels.

Three potential failure modes are considered for connectors subjected to static loading: concrete shearing
(Figure 10a), concrete cone failure or pry-out (Figure 10b), and connector steel failure (Figure 10c). According
to Cardoso et al. (2020), the technical approval only addresses continuous connectors and, therefore, does not
consider in its formulation the contribution of the front region of the connector (Figure 11) to the resistance to
shear forces, represented by the force F,.

Kopp et al. (2018) describe concrete shear in connectors as characterized by the formation of two shear planes
in the concrete dowel, predominantly occurring in connectors with large dowel thickness and small spacing.
The main factors influencing load capacity are the shear area of the concrete dowel (4p) and the shear strength
of concrete. Reinforcement bars within the dowel further enhance the load capacity by providing additional
anchorage.

In contrast, as described by Kopp et al. (2018) and Classen and Hegger (2017), pry-out or conical concrete
failure is attributed to hydrostatic pressure in the load introduction zone, generating rupture forces
perpendicular to the shear force and leading to a breakout cone at the ultimate limit state. This failure mode is
typical of shear connectors with openings but absent in closed connectors like Perfobond. It is characterized
by ductile behavior and is more likely when the distance between the concrete dowel and the top or bottom
surface is small (Figure 12).

A literature review on the ambient and post-fire behavior of load transfer mechanisms in columns 6
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Figure 8 - Crestbond connector (a) continuous and (b) discontinuous
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Source: Verissimo (2007).

Figure 9 - Geometry of composite dowels of type (a) puzzle and (b) clothoidal
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Figure 10 - Failure modes of composite dowels

1 !

T 1 I |

I | T 1
I |

(a) Concrete shearing (b) Concrete pry-out (c) Steel failure
Source: Kopp et al. (2018).
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Figure 11 - Bearing resistance of the front region of the connector
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Figure 12 - Schematic representation of potential pry-out cones
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Source: Kopp et al. (2018).

In turn, connector steel failure occurs when the shear force transferred by the steel dowel surpasses its plastic
capacity, commonly affecting thin plates or low-strength steels. This failure mode results from the combined
effects of shear and bending stresses, leading to rupture at the critical section and significant plastic
deformations due to the ductile nature of steel (Kopp ef al., 2018). As illustrated in Figure 13, within the
critical width b, shear stresses (7) and bending-induced normal stresses (o) act simultaneously. The total
shear force remains constant along the dowel height (%.5) but is divided into components P; and P, with P
inducing stresses at the critical section through a lever arm (/crir).

3.3 Application of composite dowel connectors for load transfer in concrete-
filled composite columns and reinforced concrete columns

Recent studies at UFMG have investigated composite dowel connectors, focusing on their use as connection
elements between beams and either concrete-filled composite columns or reinforced concrete columns under
ambient temperature conditions (Figure 14).

Aguiar (2015) developed numerical models based on experimental tests, aiming to replicate the conditions of
prototypes tested with Crestbond connectors. Subsequently, Cardoso (2018) conducted a numerical and
experimental study on the behavior of Crestbond connectors in compact-section concrete-filled steel
composite (CFSC) columns. Initially, shear tests on composite beams were numerically analyzed to assess the
confinement effects induced by the tubular profile, comparing the puzzle (PZ) geometry from technical
approval Z-26.4-56 (DIB, 2013) with the Crestbond geometry, leading to adjustments in calculation
coefficients for Crestbond connectors. Subsequently, 20 adapted experimental shear tests were performed,
involving 17 specimens with Crestbond connectors and 3 with structural bolts, using conventional concrete
with a high water-cement ratio (w/c) and self-compacting concrete. The results of these tests were used to
calibrate numerical models.

Following this, a parametric study with 200 numerical models investigated variations in section geometry and
material properties, including section type, connector thickness, spacing, and number of concrete dowels. The
results showed that concrete shear was not the dominant failure mode due to strong lateral confinement
provided by compact sections. In square and rectangular sections, Crestbond connectors failed due to yielding
of the steel dowels, validating the resistance calculation method from Z-26.4-56 (DIB, 2013). In circular
sections, however, the tubular profile significantly restricted connector deformation and lateral expansion of
concrete, leading to steel failure at the critical section of the frontal dowel.

A literature review on the ambient and post-fire behavior of load transfer mechanisms in columns 8
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Figure 13 - Schematic representation of steel failure mode
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Figure 14 - Connection between beam and concrete-filled composite column using Crestbond
connectors
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Source: Cardoso, Aguiar and Caldas (2020).

Finally, Cardoso (2018) concluded that for CFSC columns with compact sections, the only applicable ultimate
limit state for the design of Crestbond connectors is steel failure of the connector. Thus, the author proposed
a formulation for calculating the average and the characteristic strength associated with the failure of the
Crestbond connector.

In the sequence, Santos (2021) investigated the performance of Crestbond, clothoidal, and puzzle connectors
as load transfer mechanisms in slender circular concrete-filled steel composite (CFSC) columns and reinforced
concrete columns. An experimental program involving ten models — nine CFSC columns and one reinforced
concrete column — was conducted, including shear tests in two stages (Figure 15). The first stage evaluated
single-connection models with Crestbond connectors under eccentric loading, while the second stage
examined double-connection models with clothoidal and puzzle connectors. Both stages followed the
recommendations provided in Annex B of EN 1994-1-1 (ECS, 2005). The results demonstrated that single-
connection models achieved an average load-bearing capacity ratio of 0.89 compared to symmetric models
from Cardoso (2018), validating the eccentric testing device.

Thereafter, Santos (2021) developed numerical models calibrated with experimental results using finite
element software ABAQUS. In single-connection models, it was noted that failures occurred in the connector
steel or as a mixed mode starting with steel failure followed by concrete shear failure. For double-connection
models, mixed failure modes were observed in clothoidal connectors, while concrete shear failure
predominated in puzzle connectors, attributed to geometric differences between the connectors.
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Figure 15 - Schematic representation, with dimensions in mm, of the test specimens with (a) single
connection and (b) two connections
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A subsequent parametric study involving 136 models, including reinforced concrete and composite columns
with compact, semi-compact, and slender sections, revealed that all composite columns exhibited steel failure
in the connectors, regardless of local slenderness. However, this result was primarily based on Crestbond
connectors, limiting its generalization to other types. With regard to reinforced concrete columns, steel failure
occurred when reinforcement was present, connector thickness was reduced, or column areas were
significantly larger than the areas loaded by the connector plates. Conversely, pry-out or concrete shear failures
were observed in models without reinforcement, a condition that does not occur in practical structural
applications.

Therefore, in terms of characteristic strength values, Santos (2021) proposed the following equations for
composite columns (Equation 1) and concrete columns (Equation 2), respectively, applicable when the
ultimate limit state (ULS) is governed by steel failure in the connectors:

Pepscre = 17.68 n t27h fix8t 281 £021(1 4 ppy)°®7  [mm, MPa, Newton] Eq. 1
Prepie = 2.69 ey t253 £286 2047 (1 + pp)t3© [mm, MPa, Newton] Eq.2
Where:

n is the number of steel dowels;

ex 1s the connector spacing;

tsc 18 the connector thickness;

Jsc 1s the yield strength of the connector steel;

Aeq 18 the ratio between the concrete compressive strength and the yield strength of the connector steel (f./fsc);

¢ is the confinement factor given by Equation 3 (whose f. = 30 MPa for any value of concrete compressive
strength), and pp is a parameter that expresses the increase in strength due to the presence of passing
reinforcement bars, given by Equation 4:

_ Aafyt
f B Acfc Eq 3
Where:

A, 1s the cross-sectional area of the steel tube;
A, is the cross-sectional area of the concrete core;
J 1s the yield strength of the steel tube; and

fe is the compressive strength of the concrete.
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EsAp

Pp = Eq.4

" EcmAp

Where:

E; is the elasticity modulus of the reinforcing steel;

Ay is the total cross-sectional area of the reinforcement passing through the concrete dowel;
E. is the mean secant modulus of elasticity of the concrete; and

Ap is the area of the concrete dowel.

Thus, to determine the design strength of the connector in a composite column (Pcrsc rq) O a concrete column
(Prc ra), the characteristic value must be divided by the resistance partial safety factor y,, =1.25.

Finally, Prado (2017) and Prado, Miranda and Caldas (2022) present the first numerical results under fire
conditions for CFSC columns, comparing Crestbond connectors and passing plates as load transfer devices.
Analyses of columns with diameters of 200, 400 and 600 mm under 30, 50 or 70% load levels showed that
Crestbond connectors reached slightly higher temperatures, while passing plates offered greater resistance for
diameters of 400 and 600 mm. It was also found that for load levels less than or equal to 30%, the failure
occurred in the connector, whereas for higher load levels, the failure mode occurred in the concrete due to loss
of confinement.

3.4 Post-fire behavior of shear connectors

The post-fire behavior of shear connectors remains largely unexplored, with most existing studies focusing on
their performance at ambient temperatures or during fire exposure. Table 1 presents the 25 articles selected
according to the methodology described in section 2. Each article was analyzed regarding the type of study
conducted (theoretical, numerical, and/or experimental), the connector model investigated, and its structural
application. Table 1 also provides the identification of the corresponding journal, its classification according
to the 2017-2020 quadrennium evaluation by CAPES — which ranks journals into quality strata (A1, A2, A3,
A4, B1, B2, B3, B4, BS, and C, from highest to lowest) — and the respective 2024 Journal Citation Reports
(JCR) impact factor.

It is observed that the first publication on this topic dates from 2014. However, 20 of these articles (80% of
the total) were published in the last five years, highlighting the current relevance of the subject and the growing
interest of the scientific community. Specifically regarding composite dowels, no articles published in peer-
reviewed journals were identified, which is why this type of connector is not included in Table 1. Nonetheless,
when the search was extended to conference proceedings, the study by Camargo, Caldas and Santos (2024)
emerged as the only available reference addressing the post-fire behavior of these connectors.

Concerning the type of shear connector addressed in the selected studies, most (16 articles, or 64%) analyzed
headed stud connectors. This predominance can be attributed to their widespread use in steel-concrete
composite structures. Additionally, 21 studies (84%) included experimental investigations, whereas only 11
studies (44%) presented numerical analyses. This may be due to the need for a more extensive experimental
database to enable accurate development and calibration of numerical models.

Regarding the structural application of the analyzed connectors, 11 studies (44%) focused on slabs, 7 (28%)
on composite beams, and 5 (20%) on columns. Only one article investigated the use of connectors in steel
plates, and only one other study examined their application in concrete walls.

From these studies, it is possible to draw some important observations regarding the post-fire behavior of shear
connectors. For instance, Mashiri et al. (2017) investigated the behavior of shear connectors, including headed
studs and two types of blind bolts, at ambient temperature and after fire exposure. Prototypes were heated to
200 °C, 400 °C, and 600 °C following the ISO 834-1 (ISO, 1999) fire curve and maintained for one hour
before testing in accordance with EN 1994-1-1 (ECS, 2005). Concrete rupture was identified as the dominant
failure mode under all conditions. After cooling, reductions in failure loads for stud bolts were 31% at 200 °C,
52% and 43% at 400 °C, and 61% and 66% at 600 °C. For a blind bolt connectors type, reductions were 39%
and 36% at 200 °C, 53% and 65% at 400 °C, and 61% and 70% at 600 °C.
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Table 1 - Selected articles

o Type of shear o Ra-
N Reference Type of study connector Application Journal g JCR
. . Frontiers of
I | Zhangeral 2014y | Theoreticaland i ugs | Fully encased composite | g ot and Civil | - 3.1
experimental columns . .
Engineering
5 Mashiri et al. Theoretical and Headed studs and Push-out tests with Structures ) 43
(2017) experimental blind bolts concrete slabs )
3 Tian et al. (2018a) Theore.tlcal and Headed studs Concrete slabs Fire Safety Journal A2 33
experimental
4 Tian et al. (2018b) Experlmer}tal Headed studs Concrete slabs Fire Safety Journal A2 33
and numerical
5 Shan and Su (2019) Theore.tlcal and Fasteners Steel plates Engineering Al 6.4
experimental Structures
Headed bolts and Thin-walled steel beam IOI.J Conference
6 Zhengguo et al. Experimental thin-walled steel | with lightweight aggregate Serics: Earth and - -
(2020) P & ght aggreg Environmental
plates concrete .
Science
.. . Headed bolts and Thin-walled steel beam IOI.J Conference
7 Yixiang, Zhiheng Experimental thin-walled steel | with lightweight aggregate Series: Earth and - -
and Xintang (2020) P & it aggreg Environmental
plates concrete .
Science
8 Lyu et al. (2020) Exp erlmer}tal Headed studs Composne steel beams Structural Concrete A2 33
and numerical with precast slabs
Tian, Ozbolt and Theoretical and Construction and
o Hofmann (2021) experimental Headed studs Concrete slabs Building Materials Al 8.0
10 Tian and Ozbolt Expenmer}tal Headed studs Concrete slabs Engineering Al 6.4
(2021) and numerical Structures
. . Steel and
11 Mirza et al. (2021) Experlmeqtal Headed studs Push-out tests with Composite Al 39
and numerical concrete slabs
Structures
Ozbolt, Lackovic . .
12 and Tian (2021) Numerical Headed studs Concrete slabs Fire Safety Journal A2 33
Chi. Chi and Huan Steel bars and Precast normal weight Journal of Marine
13 ’ J Experimental steel plates with concrete and lightweight Science and A3 2.0
(2021) ;
or without hole concrete walls Technology
Headed studs,
14 Xue et al. (2021 Theor'etlcal mtemal'vemcal Concrete-filled steel tube Advanges in Civil B2 16
(review) or horizontal columns Engineering
steel ribs
Naghipour,
o . Steel plates and Concrete-filled cold-
15 Pourniazi and Experimental Structures - 43
. bolts formed steel tube columns
Hasani (2022)
16 Tian et al. (2022) Exper]mer?ta] Headed studs Concrete slabs Engincering Al 6.4
and numerical Structures
Encased pultruded glass
Mahmood, Allawi Experimental fiber-reinforced polymer
17 and El-Zohairy an dpnumerical Steel bolts (GFRP) I-beams with Sustainability A2 33
(2022) high-strength concrete
beams
Theoretical, Push-out tests with Journal of
Maliji and . Channel ]
18 Yousefpour (2023) experimental, connectors normal-weight and Structural Al 39
P and numerical lightweight concrete slabs Engineering
. Journal of
19 | Youeral (2023) Experimental | Dhnd bolts and Steel square hollow Structural Al | 39
structural bolts section columns . .
Engineering
Maliji and Theoretical and Steel-concrete composite .
20 Yousefpour (2024) numerical Headed studs beams Fire Technology A3 24
1 Rezacicherati et al. Theore‘tlcal and Headed studs Concrete-filled steel tube Structures ) 43
(2024) experimental columns
Maliji and Theoretical and Channel Push-out tests with Journal of
22 . Structural Al 39
Yousefpour (2025) numerical connectors concrete slabs . .
Engineering
Barclay and Salem . Self-tapping CLT-concrete composite Engineering
23 (2025) Experimental SCrews floor slabs Structures Al 6.4
Theoretical, . Oriented strand board . .
24 Feng, Wang and experimental, Self-tapping (OSB) and cold-formed Engineering Al 6.4
Cunningham (2025) . screws . Structures
and numerical steel composite beams
. . Journal of
25 Lou et al. (2025) Theore‘tlcal and Headed studs Steel-concrete composite Constructional A2 43
experimental beams
Steel Research
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In contrast, Tian et al. (2018b) experimentally evaluated the strength of headed stud connectors subjected to
shear forces perpendicular and along concrete slab edges under ambient conditions and after 15 and 60 minutes
of fire exposure followed by natural cooling, using the ISO 834-1 (ISO,1999) standard fire curve. Post-fire
failure patterns differed from ambient conditions, with crack propagation angles decreasing from 35° to less
than 10° (Figure 16a), leading to expanded damage regions. The failure mechanism combined concrete edge
failure and pry-out failure (Figure 16b), though edge failure primarily governed rupture. Resistance reductions
were approximately 50% after 15 minutes and 85% after 60 minutes, leaving 15% of the original resistance —
consistent with the 17.5% value in EN 1992-4 (ECS, 2018). Connector diameter and concrete properties were
critical factors affecting strength after fire exposure.

Tian, Ozbolt and Hofmann (2021) expanded on previous studies by conducting tests on isolated connectors
and groups of two and four connectors under similar conditions. For 15-minute fire exposures followed by
cooling, failure mechanisms involved concrete edge failure followed by pry-out (Figures 17a and 17b),
whereas for 60-minute exposures, pry-out effects diminished, and failure was characterized by large cracks in
the posterior region (Figure 17¢). Groups of four connectors showed no visible cracks near the edges. Shear
stiffness was initially proportional to the number of connectors but decreased significantly with longer fire
durations. Regardless of the number of connectors, stiffness was reduced by an average of 75% and 95% for
fire durations of 15 and 60 minutes, respectively.

Tian and Ozbolt, Lackovic and Tian (2021) performed experimental and numerical studies on pry-out failure
in isolated headed stud connectors after 15 and 60 minutes of fire exposure followed by natural cooling.
Spalling was observed in low-strength concrete (C20/25) but was mitigated in higher-strength slabs (C40/50)
with polypropylene fibers (Figure 18). Spalling reduced the concrete area near the connectors, lowering
resistance to pry-out failure, with damaged depths averaging 15 mm and reaching up to 25 mm. After 60
minutes of fire exposure, damage became more severe, leading to smaller fracture areas compared to ambient
conditions and 15-minute exposures. Numerical simulations revealed that the main crack developed behind
the connector and became more abrupt with longer fire durations, resulting in reduced fracture sizes (Figure
19). The authors also highlighted that the mean compressive strength of concrete and the embedment length
significantly affect the post-fire pry-out resistance of the connectors.

Figure 16 - Failure pattern at (a) ambient temperature and (b) after fire exposure
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Source: Tian et al. (2018a).

Figure 17 - (a) Failure pattern observed for a group of four connectors; failure pattern after (b) 15
minutes and (c) 60 minutes of fire exposure
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Figure 18 - Effects of fire on concrete prototypes after (a) 15 minutes and (b) 60 minutes of standard
fire exposure

€40/50-15 min €20/25-15 min C40/50-60 min
(b)
Source: Tian and Ozbolt (2021).
Figure 19 - Pry-out failure patterns (a) with and (b) without spalling
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Source: Tian and Ozbolt (2021).

Another recent study on the resistance of shear connectors after fire is presented in Mirza et al. (2021). This
study investigated the behavior of headed stud connectors in steel-concrete composite beams at ambient
temperature, during fire exposure (200, 400, and 600 °C), and after cooling, using both conventional concrete
and concrete with carbon nanotubes. The results indicated that failure in all cases occurred due to shear failure
of the connectors, with significantly lower shear strength and ductility during fire exposure compared to post-
cooling, suggesting partial recovery of strength after cooling. In conventional concrete, shear strength losses
at 200, 400, and 600 °C were 4%, 31%, and 60%, respectively, and reduced to 4%, 9%, and 31% after cooling.
For concrete with carbon nanotubes, losses were 9%, 27%, and 50% at elevated temperatures and 4%, 11%,
and 25% after cooling. The addition of carbon nanotubes effectively reduced strength losses between 400 °C
and 600 °C during fire exposure and minimized spalling effects, but had minimal impact on shear strength
after cooling.

3.5 Behavior of materials at elevated temperatures and after cooling
3.5.1 Concrete

Elevated temperatures progressively degrade the physical and mechanical properties of materials, reducing
their strength and stiffness. Thelandersson (1972) highlights that, during heating, concrete aggregates expand,
while the cement paste exhibits volumetric expansion up to approximately 150 °C, followed by significant
shrinkage. These volumetric changes among constituents generate considerable internal stresses. Furthermore,
temperature gradients within the concrete element during heating and cooling induce additional internal
stresses, influenced by factors such as heating or cooling rates, element geometry, and thermal properties. This
uneven temperature distribution leads to crack formation and strength reduction.

A notable high-temperature phenomenon in concrete is spalling or surface delamination, which decreases the
cross-sectional area of structural elements (Figure 20). Costa, Figueiredo and Silva (2002) identify two forms
of spalling in concrete exposed to high temperatures: surface detachment (sloughing) and violent
fragmentation (explosive spalling). High-strength concrete is more susceptible to explosive spalling due to its
low porosity, which restricts vapor movement and increases pressure near the surface. Bazant and Cusatis
(2005) attribute this behavior to the higher strain energy storage capacity and brittleness of high-strength
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concrete, creating conditions favorable for violent fragmentation. In contrast, lower-strength concretes, with
greater porosity, allow for easier vapor transport, but excessive moisture can lead to premature sloughing,
exposing reinforcement bars.

As reported by Neville (2016) and Hager (2014), concrete also undergoes changes in color when exposed to
high temperatures. This change depends on the presence of specific iron compounds, resulting in different
responses among various types of concrete. Approximately, the color sequence is pink or red between 300 °C
and 600 °C, gray up to about 900 °C, and yellow above 900 °C (Figure 21). Thus, it is possible to estimate the
temperature to which the concrete was exposed and, consequently, its residual strength.

Figure 20 - Concrete spalling in (a) an exterior wall and (b) the roof slab of a garage

(b)

Source: Jansson (2013).

Figure 21 - Color changes due to temperature increase in (a) high-performance concretes and (b)
conventional concretes
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Regarding the stress-strain relationship of concrete after a natural fire, Annex C of EN 1994-1-2 (ECS, 2004)
addresses this topic. It is known that after being heated to a maximum temperature (6,.x) and subsequently
cooled to ambient temperature (20 °C), concrete does not recover its initial compressive strength. Concerning

residual compressive strength (7., 920 °c), the European standard provides the following relationship (Equation
5):

fe.200c = 0fc Eq.5
Where the reduction factor ¢ is given by Equations 6, 7 and 8:
For 20 °C < G4 < 100 °C:

@ = K¢ omax Eq. 6
For 100 °C < Gpax <300 °C:

¢=1-—1[0.235(0,,4x — 100)/200] Eq.7
For Gar > 300 °C:

@ = 0.9k, gmax Eq. 8
Where:

/e is the compressive strength of concrete at ambient temperature; and
ke, omax 18 the reduction factor for the compressive strength of concrete at maximum temperature 6,4

Concerning the residual compressive strength of concrete Guo and Shi (2011) show that the residual
compressive strength of concrete is strongly affected by the cooling method after heating. Air-cooled
specimens experienced significantly greater strength loss than water-cooled ones, with the reduction
increasing with both peak temperature and cooling rate. For air-cooled specimens, strength losses of
approximately 6%, 48%, 86%, and 96% were observed at 400 °C, 600 °C, 800 °C, and 1000 °C, respectively,
compared to ambient temperature.

Additionally, Annerel and Taerwe (2007, 2012) recommend assessing the residual compressive strength of
concrete at least seven days after exposure to fire or high temperatures. Tests at 350 °C and 550 °C showed
that strengths measured immediately after cooling were higher than those after extended storage, highlighting
the influence of post-cooling conditions — a finding later confirmed by Kodur and Agrawal (2021). For
specimens stored in water, rehydration slightly increased strength (up to 12%), but immediate water cooling
caused an additional 30-35% strength loss, indicating its harmful effects.

On the other hand, the study of Li and Franssen (2011) revealed that, during heating, concrete with siliceous
aggregates exhibited higher residual compressive strengths than limestone aggregate concrete at temperatures
below 400 °C. However, above this threshold, both aggregate types showed similar behavior, consistent with
the models in EN 1992-1-2 (ECS, 2004) and EN 1994-1-2 (ECS, 2004) for limestone aggregates.

During the cooling phase, Li and Franssen (2011) also observed an additional reduction in concrete
compressive strength, reaching over 20% of the initial strength at 500 °C, exceeding the 10% reduction
specified in Annex C of EN 1994-1-2 (ECS, 2004) for temperatures above 300 °C. The authors attempted to
trace the origin of this standard formulation but noted that the relevant studies from the 1990s were either
unpublished or lost.

Nazri et al. (2017) investigated the residual properties of 30 MPa normal-strength concrete exposed to high
temperatures. Cube specimens were heated to 600 °C for durations of 30, 60, 90, 120, and 150 minutes,
following the ISO 834-1 (ISO, 1999) standard fire curve and cooled at ambient temperature. Tests showed
that longer fire exposure led to greater mass loss, due to water evaporation, and significant reductions in
compressive strength.

Finally, Pasztetnik and Wréblewski (2021) conducted a comprehensive review of factors influencing the
residual strength of concrete, including maximum temperature, heating duration, heating rate, cooling regime,
post-fire curing, composition, age, load level, and heat accumulation. The study identified the maximum
temperature reached (ranging from 300 to 700 °C) and exposure duration (especially within the first two hours)
as the most critical factors affecting residual compressive strength. The authors also observed significant
variability in experimental data, attributed to differences in methodologies, which complicates the
development of precise formulations for predicting residual properties of concrete.
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3.5.2 Steel

Silva et al. (20006) report that temperature increases induce microstructural transformations in steel. Up to 720
°C, steel can fully recover its initial tensile strength upon cooling. This temperature, known as the eutectic
point, marks the onset of the transformation of austenite into pearlite. Beyond this point, air cooling causes
the austenite to transform into ferrite and pearlite, retaining a coarser ferrite structure, which reduces
mechanical strength due to the inverse relationship between ferrite grain size and steel strength (Smith et al.,
1981).

However, the literature reveals some minor discrepancies regarding the temperature limit for the full recovery
of the initial tensile strength of steel. Tao, Wang and Uy (2013), for example, reviewed 543 tensile tests from
multiple studies, analyzing the residual strength of structural and reinforcing steels. Their formulations for
residual yield and ultimate stress assume full recovery at temperatures up to 500 °C. They also proposed a
single equation for residual modulus of elasticity recovery, establishing 500 °C as the threshold for complete
restoration of this property.

Similarly, Maraveas, Fasoulakis and Tsavdaridis (2017), using 177 experiments from eight studies, proposed
equations for the post-fire properties of structural steel. For low-carbon steels, residual yield strength exceeds
90% of the initial value at temperatures up to 725 °C, while high-strength or stainless steels recover at least
90% of their properties up to 685 °C and maintain 75% recovery even at 900 °C. Heat-treated steels exhibit
similar behavior but with a slightly lower threshold of 650 °C. In contrast, cold-formed steels demonstrate
reduced performance, retaining 90% of yield strength only up to approximately 508 °C.

To illustrate, the equations proposed by Maraveas, Fasoulakis and Tsavdaridis (2017) for determining the
residual values of yield strength (Equation 9), ultimate strength (Equation 10), and modulus of elasticity
(Equation 11) of mild steel are presented below.

I 1 6 < 600°C
fL =11.504 — /1200 600°C < 6 < 900°C Eq.9
Y 0.748 6 = 900°C
1 0 < 600°C
ffﬂ = {1.208 —60/2900 600°C < 6 < 900°C Eq. 10
* 0.896 6 = 900°C
Esg _ { 1 0 < 600°C -
Es  (1.431—6/1400 6 > 600°C 4
Where:

16, fue, and Esp are the residual values of yield strength, ultimate strength, and modulus of elasticity of steel,
respectively; and

S fu, and E; are the values of these mechanical properties at ambient temperature.

Alternatively, Pons, Lapuebla-Ferri and Romero (2022) investigated cold-formed S355 steel tubes under
temperatures from 100 °C to 1000 °C. Post-fire tests without pre-loading followed Tao, Wang and Uy (2013),
showing ductility increased up to 500 °C, dropped at 700 °C, and partially recovered at 900 °C and 1000 °C
(82% and 64% of ambient values). With pre-loading at 400 °C, residual ductility rose up to 40% utilization
but declined beyond 60%, yet remained higher than in non-preloaded specimens.

Finally, Molkens and Rossi (2022), employing reliability analysis, reviewed studies on the variation of steel
properties after fire exposure and proposed reduction factors for yield strength and modulus of elasticity,
independent of cooling methods. For normal-strength steels (f, < 420 MPa), they observed full recovery of
these properties at temperatures up to 600 °C. Beyond this threshold, yield strength decreases more
significantly than the modulus of elasticity, with retention values ranging from 83% at 700 °C to 61.8% at
1000 °C. In contrast, the modulus of elasticity retains between 98.6% and 90.5% of its initial value across the
same temperature range. The proposed retention factors for yield strength (R),6) and modulus of elasticity
(RE0) in normal-strength steels are presented at Table 2. For intermediate steel temperature values, linear
interpolation can be applied.

3.5.3 Evaluation of residual strength of concrete and steel after fire

To facilitate the visualization of the variation in residual compressive strength of concrete, based on Eq. 5 by
EN 1994-1-2 (ECS, 2004), and the yield strength of steel after fire exposure, as proposed by Maraveas,
Fasoulakis and Tsavdaridis (2017) and Molkens and Rossi (2022) (Equation 9 and Table 2, respectively),
Figure 22 presents these properties according to the temperature to which the materials were subjected.
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Table 2 - Retention factors for normal-strength steels after being submitted to elevated temperatures
@ followed by cooling

Steel temperature 6 ( °C) Ry REo
20 1.000 1.000
100 1.000 1.000
200 1.000 1.000
300 1.000 1.000
400 1.000 1.000
500 1.000 1.000
600 1.000 1.000
700 0.830 0.986
800 0.746 0.973
900 0.708 0.939

1000 0.618 0.905

Source: based on Molkens and Rossi (2022).

Figure 22 - Comparison of the residual compressive strength values of concrete, as per EN 1994-1-2
(ECS, 2004), and the yield strength of steel, according to the models by Maraveas, Fasoulakis and
Tsavdaridis (2017) and Molkens and Rossi (2022)
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It can be observed that concrete has a lower capacity to recover its compressive strength compared to the
ability of steel to recover its yield strength. For example, after being exposed to a temperature of 600 °C and
cooled, concrete retains only 40% of its initial compressive strength. In contrast, steel, at the same temperature,
fully recovers its yield strength. On the other hand, after exposure to 800 °C and subsequent cooling, concrete
exhibits a residual compressive strength of approximately 13.5%. In comparison, steel, based on the models
proposed by Maraveas, Fasoulakis and Tsavdaridis (2017) and Molkens and Rossi (2022), retains residual
yield strengths of 83.7% and 74.6%, respectively.

It should be noted that, regarding the previously presented models for the residual yield strength of steel, there
is agreement on the maximum temperature (600 °C) at which the steel can fully recover this mechanical
property. However, beyond this temperature, the model by Molkens and Rossi (2022) predicts lower values
compared to the equation by Maraveas, Fasoulakis and Tsavdaridis (2017), making this model more
conservative.
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4 Conclusions

Based on the presented information, it is evident that there is a noticeable scarcity of research focused on the
application of shear connectors and steel plates as load transfer mechanisms in columns after exposure to
elevated temperatures followed by cooling processes. However, most of the articles on this topic have been
published in the past five years, underscoring its current relevance and the growing interest of the scientific
community. At this point, it is worth noting that the majority of these studies focus on the behavior of headed
stud connectors, due to their extensive application in steel-concrete composite structures.

Furthermore, the use of composite dowel connectors as load transfer mechanisms in columns appears to be
highly promising. Nevertheless, further studies are required to investigate their behavior during and after fire
exposure. In general, research conducted at ambient temperature indicates that the ultimate limit state for these
connectors is associated with steel failure. However, concrete exhibits greater degradation of its mechanical
properties compared to steel after both materials are subjected to high temperatures and cooling processes.
This suggests that post-fire failure modes may be more closely related to the concrete.

Regarding the residual properties of steel after fire exposure, there is greater consistency in the reported results,
although some divergence exists concerning the temperature threshold for full recovery of yield strength.
Conversely, for concrete, discrepancies in residual strength values are more pronounced, primarily due to
differences in testing methodologies and cooling methods. These variations highlight the need for further
research in this field to establish reliable coefficients or calculation methods that can be incorporated into
design standards.
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