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A B S T R A C T  A R T I C L E  H I S T O R Y 

 

Transverse plane joints of concrete industrial ground floors are mostly constructed with various steel dowel geometry and 

arrangements to provide effective shear load transfer and prevent differential vertical movements. Several features of the 

construction joints can lead to the loss of the joint serviceability and resistance requirements, such as geometry 

misalignment, corrosion and joint lockup upon concrete casting. In addition, subsequent deterioration and damage of the 

exposed edges of the concrete surfaces have been indicated, influencing the serviceability of industrial floors and 

maintenance difficulties. Newly introduced construction joint geometry represents a functional solution of free -movement 

joints towards increasing construction efficiency and prevention of joint geometry misalignment and joint lockup upon 

concrete casting. The paper presents experimental tests and a comprehensive finite element analysis of the behaviour of the 

integral construction joint with steel dowels and embedded formwork. The experimental campaign covered testing of two 

orientations of the newly introduced construction joint to shear load. Numerical finite element analysis including the 

parametric study was performed to complement experimental results and reach a final stage of joint efficiency. 
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1.  Introduction 

 

Transversal construction joints, designed to relieve longitudinal stresses 

due to volumetric changes in large concrete panels (surfaces), can be generally 

classified into two groups: construction joints for concrete pavements of high-

ways and airports, and construction joints for concrete industrial ground floors 

and exterior pavements. Within these two main groups, various geometries of 

construction joints have been designed and examined, considering the differ-

ences in level and frequency of applied load and serviceability requirements or 

other structural issues that directly affect the safe and efficient use of concrete 

pavements and floors. Nevertheless, construction joints must fulfil the main re-

quirements: to maintain horizontal movements of the concrete slab panels due 

to expansion and contraction and to transfer vertical loads between adjoining 

slabs [1]. The demand for construction joint application in large concrete panels 

originates also from interrupted construction activities during concrete casting 

[2].  

Dowels are the most common form of construction joints which are used to 

provide smooth transition between adjoining concrete slab panels and to prevent 

cracking due to volumetric phenomena such as expansion and shrinkage, but 

also warping and curling caused by temperature and moisture gradients across 

the depth of the concrete slab [3]. Steel dowels (steel bars or plate dowels) are 

the most often used type of construction joints. Epoxy coatings for steel dowels 

are usually applied to prevent corrosion susceptibility. However, it has been re-

ported that corrosion remains still a potential issue that affects the resistance and 

serviceability requirements [4] since the epoxy coating is susceptible to damage 

during the concrete casting and service life of the pavement [3]. Despite the 

reduction of dowel surface due to corrosion and its direct influence on joint re-

sistance, corrosion also results in joint lockup. Construction joint lockup leads 

to the prevention of lateral movement of concrete slab and flexibility of con-

struction joint, therefore mislaying the main function and consequently resulting 

in spalling, joint faulting and mid-span cracking [4].  

Joint lockup and distress of the construction joint can also be influenced by 

misalignment of the joint geometry upon the concrete casting [4]. Misalign-

ments of the steel dowel can be classified into two main groups: translation 

which represents movement of the constriction joint in horizontal, vertical or 

longitudinal direction and therefore offset from the concrete central plane and 

rotational misalignment of the joint which is the result of the joint tilting [1]. 

Zuzulova et al. [5] reported in their investigation that vertical tilt (rotational 

misalignment) of dowel bars results in high concrete tensile stresses around the 

dowel. Laboratory tests pointed to the higher tensile stresses for traditionally 

used 25 mm diameter dowels in comparison to the 30 and 40 mm dowels diam-

eter and therefore suggest the increase of dowels diameter to 30 mm in highways. 

Experimental tests and finite element analysis of the steel and Glass Fibre Re-

inforced Polymer (GFRP) dowel bars’ performance when they are installed with 

different geometry misalignments are in detail presented in the work of Al-

Humeidawi and Mandal [1], [4]. Also, the aforementioned investigation high-

lights the influence of non-uniform misalignment of the dowels over the trans-

verse joint length on the joint lockup and therefore achieved pull-out load for 

the joint opening during the tests. The same investigation also resulted in com-

parable characteristics of 38 mm GFRP dowel diameter with 25 mm epoxy-

coated steel dower bar considering dowel looseness and relative deflection of 

the construction joint. Also, a substantial reduction in pull-out load for the joint 

opening during the investigation was achieved using GFRP dowel bars [4].  

The GFRP and stainless steel dowel bars can be a suitable alternative to the 

mostly used epoxy-coated steel dowel bars considering corrosion susceptibility 

and were in detail investigated in the previous period. Dowels in construction 

joints often fail due to excessive bearing stress in the concrete surrounding the 

dowel resulting the cracks in concrete [6], since it is the principal mechanism in 

load transfer. Fasil et al. [3] found out that GFRP dowel bars fail due to the shear 

in the transverse direction considering the low shear capacity and high tensile 

strength of the embedded glass fibers. According to Vijay et al. [7] the stiffness 

mismatch between steel dowel and concrete localises the load transfer region at 

a higher level and results in concrete cracking near the steel dowel in compari-

son to the application of dowels with lower material stiffness. GFRP dowel bars 

have a lower elastic modulus in comparison to the steel ones and therefore 

should be applied with 20–30% larger diameter or in smaller distances across 

the transversal joint length to achieve comparable behaviour considering re-

sistance, deflections and concrete bearing stresses in case of heavy loads [3]. 

However, for most of the concrete industrial ground floors, the application of 

GFRP dowel bars with smaller diameters is achievable for low frequency of 

heavy loads. Despite the higher costs of the GFRP dowels (approximately 50%), 

the long-term maintenance costs are less in comparison to the steel dowels  [2].  

According to ACI 302.1R-04 [8], concrete ground slabs continue to shrink 

for years, while the most significant volumetric change takes place within the 

first 60 to 90 days and continues through the first year till the fourth year upon 

concrete casting. Opening of the joint is a result of fulfilled service requirements 

of the construction joint but also can affect the serviceability requirements and 

safe and efficient use of the concrete pavements and floors. Maintenance of the 

construction joints represents a specific aspect of the overall inspection and 

maintenance of the concrete surfaces (floors). Available design guides for con-

struction joints, ACI 302.1R-04 [8] and Technical Report 34 [9], propose an 

application of different types of joint sealants or low viscosity fillers, during the 

lifetime of the applied construction joint to balance between the ability to 

achieve joint opening, but also to prevent deterioration and damage of the ex-

posed edges of the concrete surfaces.  

However, 3D finite element analyses of steel and GFRP dowel bars give a 

wider insight into the behaviour of the construction joints and have been re-

ported in many works [10], [11], [12], [13], [14]. Together with experimental 

tests or real environment monitoring of construction joints, numerical 3D anal-

yses of the previous period resulted in findings which were implemented in 
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technical reports and design procedures. Certain directions for the design of 

construction joints including recommended dowel size and spacing, depending 

on the concrete slab depth, are provided in the American Concrete Institute 

Guide for Concrete Floor and Slab Construction ACI 302.1R-04 [8]. Technical 

Report 34 [9] published by The Concrete Society, UK, prescribes analytical ex-

pressions for obtaining design resistance of joints with round and plate dowels, 

and defines the classification of joints according to the movement they allow 

and the method by which they are formed. Therefore, construction joints are 

classified as free-movement joints, restrained-movement joints, tied joints and 

isolation joints. Free-movement joints, which are the main focus of the forth-

coming investigation through experimental and numerical investigation, should 

be applied between the floor ground slab and adjoining such as external pave-

ments and dock leveller or machine base. This type of joint has the potential to 

open wider than restrained-movement joints, without the application of rein-

forcement across the joint and therefore dowels or other mechanisms should 

provide load transfer. Construction joints should be designed to reduce vertical 

movement to the minimum.  

Here presented previous works are mostly focused on the behaviour of var-

ious dowels as construction joint components. Limited laboratory testing on the 

resistance and response of the overall construction joints with embedded form-

works as integral solutions for industrial floors is indicated. In the current study, 

experimental testing and 3D finite element analysis of the free-movement con-

struction joint for concrete industrial ground floors are presented. The study 

took into account the aforementioned features of the construction joints which 

lead to loss of the joint serviceability and resistance requirements.  Therefore, 

a new type of free-movement construction joint was investigated, through sev-

eral aspects of higher construction accuracy of the joint geometry, lower misa-

lignments of steel dowels and highly reduced potential in joint lockup consid-

ering well-integrated design and construction process. Towards more functional 

joint geometry, a numerical parametric study was performed to complement ex-

perimental results and reach a final stage of joint efficiency. 

 

2.  Experimental programme 

 

2.1. Construction joint geometry 

 

The geometry of the newly introduced construction joint is given in Fig. 1. 

Several parts of the free-movement construction joint were designed and as-

signed individually or simultaneously with other parts to improve the geometry 

during construction interruptions, prevent joint lockup, reduce vertical defor-

mations and enable efficient load transfer. The presented construction joint, 

which is a subject of further experimental and numerical analysis, can be in-

stalled in industrial floors as an integral structural solution.  

 

 

Fig. 1 Construction joint geometry 

 

Three main constructive parts of the analysed construction joint, given in 

Fig. 1, are (i) steel plate of 60 mm height and 6 mm thickness, (ii) steel hot-

rolled angle profile L 80 x 40 x 6 mm, and (iii) steel dowel of 22 mm diameter 

and overall length through construction joint of 500 mm. Among those three 

main constructive parts, additional parts of the construction joint are (a) PVC 

ribbed tube, (b) steel plate formwork of 1–2 mm thickness, (c) 10 mm diameter 

steel reinforcement bars welded to the 60 mm steel plate and angle profile, (d) 

steel tube leader of 26 mm outside diameter and 4 mm thickness, and (e) PVC 

bolts. Steel dowels are positioned on 330 mm spacing over the length of the 

construction joint, while reinforcement bars are welded at a 250 mm distance 

(Fig. 1). Steel dowels are placed in the middle of the height of the construction 

joint.  

Described construction joint parts carrying a specific function should pro-

vide following: a) steel plate of dimensions of 60 x 6 mm together with steel 

plate of 1–2 mm thickness represent integral formwork for interrupted construc-

tion activities during concrete casting; b) steel angle profile enables sufficient 

stiffness of formwork to maintain initial geometry of the joint during concrete 

casting and therefore providing main free-movement characteristics of the joint; 

c) PVC ribbed tube wraps the steel dowel at the half length of the construction 

joint achieving in certain amount additional anti-corrosion protection, providing 

free movement of the steel dowel inside construction joint and preventing the 

joint lockup; d) PVC bolts supply the joint with integral geometry, preventing 

the separation of the steel plate and angle profile during installation and concrete 

casting, but also high longitudinal flexibility for undemanding opening of the 

construction joint due to volumetric changes, e) steel tube leader positioned on 

the side of the angle profile provides bearing surface to the steel dowels in order 

to minimize vertical and horizontal misalignments of the steel dowels; f) steel 

reinforcement prevents deterioration and damage of the exposed edges of the 

concrete surfaces and provides additional anchoring of steel formwork and an-

gle profile in concrete slab on both sides. 

 

2.2. Test set-up and loading protocol 

 

The geometry of the specimens with the new construction joint is given in 

Fig. 2. Two orientations of the construction joint within test series R1 and R2 

were investigated through experimental tests and 3D finite element analysis. 

Three specimens were tested for both test series, six specimens overall. 

 

 

Fig. 2 Geometry of the specimens: (a) R1 series, (b) R2 series 

 

Specimens were designed and constructed as double shear specimens with 

two side slabs and one middle (loaded) slab which were connected with con-

struction joints. The overall dimensions of the specimens were 1500 x 660 mm, 

with 400 mm width of side slabs, 700 mm width of the middle slab and 200 mm 

depth of each slab. Construction joint within tests series R1 was installed with 

angle profile and steel dowel placed in the side slabs, i.e. steel dowel with PVC 

ribbed tube and 60 x 6 mm steel plate were positioned in the middle (loaded) 

slab (Fig. 2a). The opposite direction was adopted for test series R2, therefore 

angle profile and steel dowel were positioned in the middle (loaded) slab (Fig. 

2b). The overall geometry of the specimens was in detail measured after the 

installation, showing the maximum misalignment of 3% in the vertical position 

of steel dowels in comparison to the middle plain of the concrete slab. Two 

layers of Q355 reinforcement mesh of 8 mm diameter were positioned at the 

bottom layer of the middle slab to prevent bending slab failure before the re-

sistance of the construction joint is achieved. To analyse the resistance and over-

all behaviour of the construction joint in the most unfavourable conditions, 

when the joint has achieved the expected opening in industrial ground floors of 

approximately 10 mm, the polystyrene foam sheet was installed between 60 x 6 

mm steel plate and angle profile.  

Double shear tests were performed through the application of the linear ver-

tical load in the middle width of the loaded slab through a stiff hot-rolled steel 
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profile with adequate flange width, not affecting the failure region of the con-

crete close to the construction joint, but accomplishing uniform and symmetrical 

loading of both joints. Stiff supports were provided at the end of the side slabs 

to prevent horizontal movement of the slabs or their rotation (Fig. 3). Vertical 

movement at the position of load application was monitored with LVDTs of the 

hydraulic testing machine, but also with two additional LVDTs, labelled as P1 

and P2 in Fig. 3a. Relative vertical movement between two slabs at the position 

of the construction joints was measured with four LVDTs (V1–V4), symmetri-

cally placed considering the load position and overall geometry of the speci-

mens. Additionally, vertical movement was controlled at the position of the sup-

port of the side slabs with two LVDTs (O1 and O2) to monitor the efficiency of 

the support structure.  

 

 

Fig. 3 Test set-up: (a) measuring positions, (b) specimen during testing 

 

A hydraulic testing machine with a capacity of 300 kN was used for speci-

men testing. Specimens were tested through two phases. Within the first phase, 

cyclic loading was applied through three cycles with load in the range from 5 

kN to 20 kN, with 0.2 kN/s. Upon reaching the 20 kN of vertical load, the load-

ing of the specimen was maintained constant for 40 s and consequently un-

loaded with the same load rate of 0.2 kN/s until 5 kN. The first phase of the 

specimen testing was performed within 10 min, followed by the second phase 

of loading until failure. The load of the second testing phase was introduced as 

displacement controlled with a loading rate of 0.015 mm/s, therefore failure was 

not achieved within 15 min of the second loading phase [15]. The testing con-

tinued until the load dropped by 20% of the ultimate load. 

 

2.3. Material properties 

 

Alongside the main experimental testing, material properties of concrete 

and steel components of construction joints were obtained through standardised 

testing procedures. Concrete compressive strength was determined by conduct-

ing tests on concrete cubes 150 x 150 x 150 mm. Prisms 120 x 120 x 360 mm 

and cylinders Ø150 x 150 mm were used to obtain concrete flexural and splitting 

tensile strength, respectively. The mean and characteristic values of concrete 

strength on the day of the testing of specimens’ series R1 and R2 are provided 

in Table 1. 

 

Table 1 

Material properties of concrete 

 

Compressive 

strength 

Flexural  

strength  

Splitting tensile 

strength  

fc,cube fct,fl fct,sp 

Mean value [MPa] 59.4 3.83 4.15 

CoV [%] 3.01 1.39 10.23 

Characteristic [MPa] 54.7 3.65 2.72 

 

Mechanical properties of steel dowel, angle profile and 60 x 6 mm steel 

plate, as the main constructive elements of the construction joint, were deter-

mined from coupon tensile tests according to the ISO 6892-1 [16]. The values 

of steel yield and tensile strength, as well as strain at ultimate strength and frac-

ture strain, are summarized in Table 2. 

 

Table 2 

Material properties of steel components of the construction joint 

Steel component 

Yield strength Ultimate strength Strain at ultimate strength Strain at fracture 

Mean 

fy [MPa] 

CoV 

[%] 

Charact. 

fyk [MPa] 

Mean 

fu [MPa] 

CoV 

[%] 

Charact. 

fuk [MPa] 

Mean  

εu [%] 

Mean  

εf [%] 

Steel dowel 333.4 1.36 318.0 458.8 0.02 458.4 20.39 36.79 

Angle profile L 80 x 40 x 6 mm  316.1 3.96 273.9 458.4 0.34 453.2 20.28 35.50 

Steel plate 60 x 6 mm 343.9 / / 482.1 / / 19.08 34.30 

 

Table 3 

Evaluation of construction joint resistance and deformation 

Specimen 
Ultimate load 

Fmax [kN] 

Vertical displacement Stiffness 

k70% [kN/mm]* at 70% of the ultimate load V70% [mm] at the ultimate load VULT [mm]  

R1-1 168.8 2.59 3.58 10.17 

R1-2 165.7 2.59 4.81 11.05 

R1-3 199.4 2.78 3.19 12.55 

Mean value, mx  177.95 2.65 3.86 11.26 

Characteristic fractile factor, kn 3.37    

St. deviation, s  18.61    

Characteristic value, Rk  115.25    

R2-1 143.1 2.61 3.93 9.58 

R2-2 121.1 1.21 2.28 17.52 

R2-3 144.2 2.63 3.89 9.59 

Mean value, mx  136.15 2.15 3.37 12.23 

Characteristic fractile factor, kn 3.37    

St. deviation, s  13.07    

Characteristic value, Rk  92.11    

*obtained per one steel dowel at 70% of the ultimate load 
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2.4. Experimental results 

 

Results of the experimental analysis are given in Fig. 4, for two analysed 

test series R1 and R2, respectively, as the applied load in function of the vertical 

displacement at the position of the construction joint measured with LVDTs 

with designation V1–V4. In addition, the results of the tests are given in Table 

3 through the resistance of the construction joint, vertical displacement for load 

corresponding to 70% of ultimate load, vertical displacement for ultimate load 

and the stiffness of the construction joint, together with statistical evaluation of 

the results according to the EN 1990 – Annex D [17]. 

   

 

Fig. 4 Experimental test results – force-displacement at joint: (a) R1 series, (b) R2 series 

 

According to the test results gained from two test series, approximately 31% 

higher resistance was obtained for test series R1 (177.95 kN) than for test series 

R2 (136.15 kN) when the resistance mean values of the two series are compared. 

The characteristic resistance of test series R1 determined according to the EN 

1990 – Annex D [17] is approximately 25% higher in comparison to the test 

series R2.  

Moreover, the different performance of the construction joint within the 

two test series is evident when comparing the construction joint post-ultimate 

response, described through force-displacement curves in Fig. 4. All specimens 

of test series R1 are characterized by a sudden decrease of the resistance upon 

the maximum force is reached, while a much slower decrease of the resistance 

is achieved for test series R2, indicating potentially different failure modes for 

the two test series.  

Evaluation of the obtained deformation of the construction joint is analysed 

through measurements of the V1–V4 LVDTs, at the position of the construction 

joint. The mean value of the vertical displacement for the loading level corre-

sponding to 70% of the ultimate load for test series R1 is 3.86 mm, which is to 

some extent increased in comparison to the 3.37 mm for test series R2. The 

mean value of the analysed stiffness for test series R1 and R2 are 11.26 kN/mm 

and 12.23 kN/mm, respectively, indicating relatively uniform behaviour of both 

test series considering the stiffness per one steel dowel obtained for 70% of the 

ultimate load. Larger vertical displacement at the ultimate load for test series 

R1 follows the results obtained for the load corresponding to 70% of the ulti-

mate load. The mean value of vertical displacement for ultimate load is 2.65 

mm for test series R1 and 2.15 mm for test series R2. This is approximately 23% 

higher vertical displacement for test series R1 in comparison to series R2, cor-

responding to approximately 31% higher resistance.  

For all tested specimens within two test series, concrete failure close to the 

construction joint in the middle (loaded) slab is achieved. Fig. 5 represents the 

vertical surface of the middle slab when the maximum load is reached. Although 

diagonal cracks occurred in all tested specimens in both vertical surfaces of the 

middle slab, they do not represent the governing failure mode of the construc-

tion joint, which is in more detail described through numerical analysis. 

 

Fig. 5 Cracks on the middle slab – vertical surface of the test specimens:  

(a) R1 series, (b) R2 series  

 

Upon the testing, construction joints were relatively simply disassembled 

(Fig. 6), highlighting the high-performance characteristics of the free-move-

ment joint. Significant deformation of the construction joint upon the testing 

was not observed. Embedded steel formwork remained unaffected, while steel 

dowels were subjected to certain, but not distinct deformation during the testing 

procedure, according to Fig. 6.  

 

 

Fig. 6 Construction joint upon the testing 

 

The presented results demonstrate the straightforward influence of the 

construction joint orientation on the behaviour of the construction joint with 

particular emphasis on shear resistance and post-ultimate response. Specimens 

within test series R1, where the angle profile and steel dowels of the 

construction joint are placed in side slabs of double-shear tests, obtained higher 

resistance in comparison to the opposite orientation of the construction joint. 

Specimens within test series R2, where the angle profile and steel dowels of the 

construction joint are positioned in the middle (loaded) slab obtained more 

ductile behaviour in comparison to the test series R1. 

 

3.  Finite element numerical analysis 

 

3.1. Development of finite element models 

 

Numerical models were developed to simulate the experimental testing, 

evaluate specimen behaviour and failure modes, and perform further parametric 

analysis. 3D models were developed in finite element software Abaqus [18], 

performing the geometrical and material nonlinear analysis in the Dynamic 

Explicit solver.  

 

3.1.1. Model geometry 

According to the experimental programme, two 3D finite element models 

were created representing the test series R1 and R2, with the opposite 

orientations of the construction joint. Numerical models simulated the double 

shear test conditions, with two side concrete slabs connected to the middle 

concrete slab through the construction joint. The symmetry of tested specimens 

was exploited by modelling a quarter of the specimen and applying appropriate 

double vertical symmetry conditions, as illustrated in Fig. 7a. All relevant 

components of the construction joint were modelled, including round dowels, 

steel plate and angle profile, reinforcement bars for plate and angle anchoring, 

PVC ribbed tubes and steel plate 1–2 mm thickness with steel tube leader. 

Moreover, the base plate for bearing slabs was created, as well as the bottom 

reinforcement mesh in the middle slab. The components of the numerical model 

were solid parts, except for the reinforcement mesh and plate of 1–2 mm 

thickness, which were modelled as a truss and shell, respectively.  

 

3.1.2. Boundary conditions, interactions and loading 

Vertical loading was applied through the reference point RP1 on the middle 

slab top surface, whereas fully fixed boundary conditions were added to the 

reference point RP2 on the bottom surface of the base plate, as presented in Fig. 

7a. Reference points were constrained to the nodes on the corresponding surface, 

accounting for the width of the loaded area. Welded connection between 
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components of the construction joint was simulated using the tie constraint. 

Reinforcement mesh was connected to the concrete slab by the embedded 

constraint. Contacts between other parts were simulated through “hard” contact 

in the normal direction and friction contact in the tangential direction. Values 

on friction coefficients were assigned as: 0.45 for contacts between concrete and 

steel or plastic parts embedded in concrete, as well as for the contact between 

the side slab and the supporting plate, 0.30 for the contact between dowel and 

plastic sleeve, and 0.20 for the contact between dowel and steel tube. 

The vertical loading was applied through the smooth step function as a 

displacement-controlled. The total duration of the simulation was set to 1000 s 

with the mass scaling time increment of 0.005 s. 

 

 

Fig. 7 Model R2: (a) Model geometry and boundary conditions, (b) Finite element mesh 

 

3.1.3. Finite element mesh 

Due to the complex geometry of the developed model, tetrahedral finite 

elements C3D10M were selected for meshing solid parts. Similarly, S3 

elements were used for meshing shell parts and T3D2 elements were used for 

truss parts. The adopted mesh size resulted from the convergence analysis 

conducted to optimize the computing time while providing accurate model 

behaviour. Finite element size was varied throughout the model, applying the 

smallest size elements of 3 mm to steel dowels and other components of the 

construction joint. The mesh size was then gradually increased throughout the 

concrete slabs in the range from 3 mm at the construction joint to 10 mm at the 

opposite slab edges, according to Fig. 7b.  

 

3.1.4. Material models 

Material behaviour was assigned to the numerical model according to the 

performed testing of steel coupons and concrete cubes.  

Elastic properties of steel were defined through the modulus of elasticity of 

210 GPa and Poisson’s ratio of 0.3. The plastic response of the steel dowel, 

angle profile and steel plate was modelled through the appropriate true stress-

strain curves based on the conducted experimental tensile tests. As 

reinforcement bars were not experimentally tested, their response was modelled 

according to EN 1992-1 [19] as elastic-perfectly plastic with a yield strength of 

500 MPa.  

The behaviour of the plastic sleeve was simulated by assigning the modulus 

of elasticity of 1 GPa, Poisson’s ratio of 0.2, and perfect plastic response with a 

yield strength of 50 MPa. 

Concrete behaviour was described using the Concrete Damage Plasticity 

model. Concrete response in the elastic domain was defined through the 

modulus of elasticity of 35.11 MPa and Poisson’s ratio of 0.2. The plasticity 

parameters were set following the recommended values in the Abaqus user 

manual [18]: flow potential eccentricity of 0.1, the ratio of equibiaxial-to-

uniaxial compressive strength of 1.16, and a parameter K of 0.67. The dilation 

angle was set to the value of 30°, according to Lubliner et al. [20].  

The stress-strain relation for describing concrete behaviour to uniaxial 

compression was adopted according to the model proposed by Pavlović et al. 

[21], which demonstrated good accuracy in simulating the steel-concrete shear 

connections accomplished with various types of steel connectors [22–26]. For 

strains up to εcu1 (between points A and D in Fig. 8a), the stress-strain relation 

is described through the expression provided in EN 1992-1-1 [19]: 

 

σc(εc) = f
cm

k∙η - η2

1 + (k - 2)η
, εc ≤ εcu1                                                                        (1) 

 

where: 

η =
εc

εc1

 (2) 

k = 1.05 εc1

Ecm

fcm

   (3) 

 

εc1 is a compressive strain in the concrete at the maximum stress fcm,  

εcu1 = εcuD is the ultimate compressive strain of concrete.  

 

 

Fig. 8 (a) Concrete stress-strain relation for compression,  

(b) Concrete damage in compression, (c) Concrete behaviour in tension 

 

For strains beyond εcu1, the stress-strain curve is based on the sinusoidal (for 

strains smaller than εcuE, between points D and E in Fig. 8a) and linear extension 

(for strains larger than εcuE, between points E and F in Fig. 8a): 
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σc(εc) = {
f
cm

[ 
1

β
−

sin(μαtD⋅αtE π/2)

β⋅sin(αtE π/2)
+

μ

α
 ] , εcuD < εc ≤ εcuE

[ f
cuE

(εcuF − εc) + f
cuF

(εc − εcuE)]/(εcuF − εcuE), εc > εcuE

         (4) 

 

where: 

 

μ =
εc−εcuD

εcuE−εcuD
                                                 (5) 

β=
fcm

fcuD

                                                         (6) 

α=
fcm

fcuE

=15                                                        (7) 

 

αtD = 0.50 and αtE = 0.60 are parameters of the sinusoidal function shape, 

fcuE = fcm/α and fcuF = 0.40 MPa are compressive stresses at the points E and F, 

presented in Fig. 8a,  

εcuD, εcuE =0.05 and εcuF = 0.20 are compressive strains at points D, E and F, 

respectively, presented in Fig. 8a.  

Damage evolution for compression was defined through damage variable 

Dc, presented in Eq. (8) and illustrated in Fig. 8b: 

 

Dc=1 −
fcm

σc
                                                    (8) 

 

The stress-strain relation for concrete subjected to uniaxial tension was de-

rived from the following relation between the stress and crack opening w [27,28]: 

 

σt(w) = f
ctm

[g(w) – (
w

wc
) g(wc)]                                                 (9) 

 

where: 

fctm is the mean value of the concrete tensile strength, 

 

 g(w)= [1+ (
3w

wc

)
3

] e
– 

6.93w
wc  (10) 

 

wc is the critical value of the crack opening at which tensile stress cannot be 

transferred; 

 

wc = 5.14
GF

f
ctm

 (11) 

 

GF is the fracture energy, which was adopted as the function of the concrete 

compressive strength and nominal aggregate size according to Model Code 

1990 [29]. 

The relation between the crack opening and strain is dependent on the finite 

element characteristic length, leq, according to Eq. (11): 

 

εt = εt1 + w∙leq  (12) 

 

where εt1 is a tensile strain at the peak stress fctm. 

As the size of finite elements inside the concrete slab varies in the range 

from 3 mm to 10 mm, the characteristic element length had to be obtained by 

model calibration. The best match between model and specimen response was 

accomplished with leq = 5 mm. The adopted stress-cracking strain relation is il-

lustrated in Fig. 8c.  

Similarly to compression, damage evolution for tension was defined 

through variable Dt [21,28]:  

 

Dt =1 −
f
ctm

σt

 (13) 

 

3.2. Validation of finite element models 

 

Developed finite element models were validated by comparing their behav-

iour to the response of experimental specimens. Load-vertical displacement 

curves for models R1 and R2, obtained through numerical simulations, are com-

pared with experimental curves of corresponding specimens in Fig. 9. Devel-

oped models successfully replicate the double shear test, clearly distinguishing 

the difference in the construction joint response for two analysed orientations. 

Model R1 features brittle failure with a sudden drop in force after reaching the 

ultimate load, which was also present in all of the three tested specimens of 

series R1. On the opposite, the failure of model R2 is more ductile, but the ulti-

mate load and vertical displacement at that load are smaller than for model R1, 

which is in agreement with the experimental findings. Values on the maximum 

load for test series R1 and R2 obtained through numerical simulations and ex-

perimental testing are compared in Table 4. The maximum relative difference 

between the numerical and mean experimental ultimate load is 4%, confirming 

the satisfying accuracy of the developed numerical models. 

 

Table 4 

Comparison between experimental and numerical ultimate loads 

Series 

Ultimate load Ratio 

EXP FEA FEA/EXP 

Pult,exp [kN] Pult,fea [kN] Pult,fea/Pult,exp 

R1 177.95 170.25 0.96 

R2 136.15 138.04 1.01 

 

 
Fig. 9 Comparison between experimental and numerical force-displacement curves:  

(a) model R1, (b) model R2 

 

3.3. Results of numerical analysis 

 

Validated numerical models enabled further evaluation of the construction 

joint behaviour and investigation of the effect of the joint orientation on its shear 

performance. Comparison between force-displacement curves of models R1 

and R2 presented in Fig. 10 illustrates the difference in joint response depending 

on whether the load is applied to the slab with the angle profile installed on its 

edge or to the slab with the steel plate on the edge. Up to the load of 

approximately 130 kN, the force-displacement relation for models R1 and R2 is 

almost identical, indicating that the joint orientation has no impact on the initial 

stiffness of the construction joint. Stiffness per steel dowel of approximately 

13.0 kN/mm is almost identical for the two models. After reaching 138 kN, the 

load in model R2 drops, whereas the load in model R1 continues to increase 

until 170 kN. The construction joint with an installed steel plate in the middle 

(loaded) slab features postponed failure and non-negligibly increased ultimate 

resistance in comparison to the joint with an angle profile positioned in the 

middle slab, confirming the experimental findings. 
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Fig. 10 Comparison between force-displacement curves for models R1 and R2 

 

Deformed shapes of steel dowels in numerical models presenting two types 

of experimentally tested specimens, shown in Fig. 11, indicate larger dowel de-

formation in model R1 than in model R2 at the corresponding ultimate load of 

each model. This is in agreement with structural join vertical displacement at 

failure presented in Fig. 10, which is also larger for model R1. Stress distribu-

tion in steel dowels indicates the development of two plastic hinges along the 

dowel length. The position of plastic hinges slightly differs in the case of the 

two analysed joint orientations but in both cases, plastic hinges are significantly 

distant from the dowel ends. Accordingly, the possible reduction of dowel 

length should be considered, as later analysed through parametric analysis.  

 

 

Fig. 11 Normal stress in steel dowels at the ultimate load 

 

The levels of concrete tension and compression damage in models R1 and 

R2 at the point when the corresponding ultimate load is reached are compared 

in Fig. 12. In model R1, the concrete above the steel dowel is significantly 

damaged due to high compressive stresses on the contact between the dowel and 

surrounding concrete at the construction joint. As a result, concrete bearing 

causes failure of the middle slab of model R1. Unlike model R1, diagonal cracks 

in the concrete slab of model R2 propagate all along the construction joint from 

the horizontal angle leg towards the top surface of the middle slab. Their cause 

is associated with the presence of steel angles. The horizontal leg of the angle 

profile, continuous along the construction joint, disrupts the continuity of the 

concrete slab. It is positioned close to the steel dowel, reducing the zone of the 

concrete above the dowel subjected to bearing pressure and having a negative 

influence on the construction joint shear resistance, inducing premature failure 

of model R2.  

To prove that the difference in shear behaviour of models R1 and R2 is 

solely influenced by the presence of an angle profile on the slab edge which is 

subjected to shear load, an additional numerical model was developed. The 

model R2 was modified by cutting the horizontal leg of the angle and comparing 

the response of such joint to the models R1 and R2. The results presented in Fig. 

13 show the equivalent force-displacement responses of model R1 and modified 

model R2. Diagonal cracks observed in model R2 are not present in the modified 

model. Analogues to model R1, the governing failure mode of the modified 

model was concrete bearing.  

It is concluded that the absence of an angle profile enhances the 

construction joint resistance and therefore its elimination would be favourable 

from the load-bearing perspective. However, the angle profile has an essential 

role during the construction joint execution, providing lateral stiffness and 

preventing formwork deformation before and during the installation process. 

Therefore, the consideration of the potential removal of the angle profile should 

be carefully approached. 

 

Fig. 12 Concrete damage at the ultimate load 

 
Fig. 13 Response of modified R2 model without horizontal angle leg:  

(a) Force-displacement curves, (b) Concrete damage at the ultimate load 
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4.  Parametric analysis 

 

Validated numerical models were used for studying the effects of key 

material and geometric parameters on the construction joint response, including 

the joint opening, concrete strength, slab depth, steel dowel diameter and length. 

The parametric analysis was carried out for the joint orientation corresponding 

to model R2 since this orientation was shown to be relevant for determining 

joint resistance to derive safe-sided results. The primary model had the 

following geometrical and material properties, corresponding to the 

experimentally tested specimens: construction joint opening of 10 mm, concrete 

class C40/50, steel dowel diameter of 22 mm and length of 500 mm, and 

concrete slab depth of 200 mm. Through parametric analysis, each of these 

parameters was varied while the other parameters remained constant as in the 

primary model. 

 

4.1. Effect of the construction joint opening  

 

The experimental campaign was conducted with adjoining slabs spaced at 

a distance of 10 mm, replicating the construction joint opening of 10 mm caused 

by concrete slab shrinkage. Two additional numerical models were developed 

with opening sizes of 5 mm and 15 mm to observe the effect of the construction 

joint opening on its shear response.  

Results presented in Fig. 14 show that the distribution of stress in steel 

dowels does not considerably change with the variation of the joint opening, but 

the increased deformation of steel dowels for the wider opening is evident. With 

the increase of opening, the joint is subjected to larger deformations and the 

joint stiffness is decreased. The displacement at the ultimate load rises, whereas 

the joint resistance decreases. Each 5 mm increase in joint opening reduces the 

ultimate load by around 5% and stiffness by 12–16%. 

 

  

Fig. 14 Effect of the joint opening: (a) Force-displacement curves,  

(b) Stress in steel dowels at the failure 

 

4.2. Effect of the concrete strength  

 

As the governing failure mode of the analysed construction joint is the 

failure of concrete, the concrete strength is expected to have a major influence 

on the construction joint resistance. A set of numerical models with concrete 

classes in the range from C20/25 to C50/60 was made. 

The increase in concrete strength does not significantly affect the joint 

stiffness according to Fig. 15a, but the increase in the resistance is considerable. 

For models with higher concrete strengths, the failure is postponed and ultimate 

loads are larger, followed by a certain increase in relative vertical displacement 

between the adjoining slabs. The difference in resistance between models with 

concrete C20/25 and C50/60 is over 30%. Ultimate loads of the analysed models 

presented in Fig. 15b in the function of the square root of the mean concrete 

strength fcm, demonstrate that the resistance of the construction joint is a linear 

function of the fcm
0.5. 

 

 

Fig. 15 Effect of the concrete strength: (a) Force-displacement curves, 

 (b) Relation between the ultimate load and square root of the mean concrete strength 

 

4.3. Effect of the steel dowel diameter 

 

As the investigated construction joint with round dowels may be fabricated 

with varied steel dowel sizes, numerical models with dowels of diameters of 20 

mm, 22 mm and 24 mm were developed and their behaviour was compared.  

 

 

Fig. 16 Effect of the steel dowel diameter: (a) Force-displacement curves, 

(b) Relation between the ultimate load/stiffness and square of the dowel diameter 

 

According to Fig. 16a, the dowel diameter affects the joint resistance, i.e. 
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when the diameter is increased from 20 mm to 22 mm, the rise in resistance is 

3.5%, whereas, for the increase from 22 mm to 24 mm, the resistance is raised 

by 5.4%. Although the diameter of the steel dowel appears to have a lower effect 

on joint resistance than the concrete class, dowel size non-negligibly affects 

construction joint stiffness which varies in the range of 10.9–15.5 kN/mm for 

the analysed models. Fig. 16b illustrates the linear dependency between the 

square of the dowel diameter and the joint resistance, as well as the joint 

stiffness. 
 

4.4. Effect of the steel dowel length 

 

ACI 302.1R-04 [8] specifies dowel length depending on the floor slab depth: 

400 mm for round dowels in slabs of a depth of 175–200 mm, and 450 mm for 

round dowels in slabs of a depth of 225–275 mm. According to this 

recommendation, the dowels of the analysed construction joint may be 

shortened. For calculating the construction joint resistance to shear according to 

Technical Report 34 [9], the loaded length of a steel round dowel should not be 

taken as greater than 8d, where d is the dowel diameter. In other words, the total 

effective length of a dowel could be approximated by 16d, accounting for both 

sides of the construction joint. In the particular case of the investigated 

construction joint, the effective steel dowel length would be around 350 mm 

according to this recommendation. Three additional numerical models were 

created with steel dowel lengths of 300 mm, 200 mm and 150 mm, to study the 

influence of dowel length on the joint response, and the possibility of reducing 

this length to optimise the construction joint.  

Numerical results show little difference in the force-displacement response 

of construction joints with steel dowels of a length of 300 mm and 500 mm, 

leading to the conclusion that a reduction of the dowel length by 40% would not 

affect the structural performance of the construction joint. According to Fig. 17, 

the model with a dowel length of 200 mm also has comparable shear resistance, 

although force-displacement curves do not completely overlap in the pre-

ultimate domain with the ones presented for longer dowels. However, when the 

dowel length is reduced to 150 mm, a reduction in joint resistance exceeds 20%, 

followed by a decrease in joint stiffness. Stress distribution in the construction 

joint presented in Fig. 18 shows that in the 150 mm long dowel, the plastic hinge 

is only developed in the right half of the dowel. This length of steel dowel is 

insufficient to transfer shear force between adjoining slabs in comparison to 

longer dowels. According to the presented results, the dowel length may be kept 

at 14d (14 · 22 mm = 308 mm ≈ 300 mm) while retaining the same construction 

joint response in terms of deformation and load capacity as when longer dowels 

are applied. 

 

 

Fig. 17 Effect of the steel dowel length: Force-displacement curves 

 

4.5. Effect of the concrete slab depth 

 

The effect of concrete slab depth was investigated through the set of 

numerical models covering floor slabs with depths in the range of 180 mm to 

240 mm. Steel dowels were positioned in the slab mid-depth in each of the 

developed models. The size of the steel plate and angle profile remained 

unchanged, while their position was linked to the upper surface of the concrete 

slab, meaning the distance between the angle profile and steel dowel was 

increased with the increase of the slab depth.  

The increase in slab depth significantly increased the construction joint 

resistance, although the stiffness remained unchanged, as presented in Fig. 19a. 

The decrease in slab depth to 180 mm from the original 200 mm, caused a drop 

in ultimate load of 4%, while the increase to 220 mm led to the rise of almost 

12%. All three of these models featured similar shape force-displacement curves 

without a sudden decline of force in the post-ultimate domain. The additional 

increase of the slab depth to 240 mm, improved the shear resistance by 30% in 

comparison to the model with a slab depth of 200 mm. However, a model with 

a 240 mm deep slab showed a different force-displacement response with brittle 

failure and rapid force drop after reaching its maximum, similar to the one 

observed in model R1 with the opposite joint orientation. 

 

 

Fig. 18 Effect of the steel dowel length: Stress in steel dowels at the failure 

 

 

Fig. 19 Effect of the concrete slab depth: (a) Force-displacement curves,  

(b) Concrete compression damage at the failure 
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Concrete damage in slabs of a depth of 180 mm and 240 mm, presented in 

Fig. 19b, illustrates the differences in the response of construction joints in those 

two cases. When the slab depth is larger, the distance between the angle profile 

and steel dowel is also greater, causing the distribution of bearing stresses in 

concrete similar to the one in the construction joint with a 60 x 6 mm steel plate 

in the slab subjected to failure (model R1). On the opposite, with a decrease in 

the slab depth and spacing between the angle profile and steel dowel, the 

construction join resistance is reduced due to the discontinuity in the bearing 

concrete influenced by the horizontal angle leg. Therefore, the slab thickness is 

an important factor affecting the shear behaviour of the investigated 

construction joint including the angle profile that is continuous along the slab 

edge. 

 

5.  Conclusions 

 

The integral solution of the free-movement construction joint developed for 

application in concrete industrial ground floors was experimentally and 

numerically investigated. The construction joint shear behaviour was studied 

considering two joint orientations through the experimental campaign, and 

covering five additional influential parameters through finite element 

simulations. According to the obtained results, the following conclusions could 

be drawn: 

(1) Construction joint orientation does not affect stiffness, but it influences 

joint resistance and post-ultimate behaviour. When failure occurs in the concrete 

slab with an angle profile installed on the slab edge, construction joint resistance 

is decreased by more than 20% in comparison to the opposite case when the slab 

with a steel plate is subjected to failure. Joint failure in the concrete slab with 

steel plate is highly brittle, unlike the joint failure in the slab with angle profile, 

which is more ductile.  

(2) Differences in construction joint response for opposite joint orientations 

are attributed to different steel components on the slab edges in those two cases: 

steel plate and angle profile. The horizontal leg of the angle profile cuts through 

the slab, causing discontinuity in the concrete and resulting in the development 

of diagonal cracks along the construction joint. If steel dowels are positioned 

directly below the angle profile, the concrete zone above the dowel is 

insufficient to bear compression stresses, inducing the earlier failure of the joint.  

(3) Construction joint opening caused by concrete slab dry shrinkage 

affects the bending deformation of steel dowels, as well as the construction joint 

stiffness and resistance. For the analysed construction joint, the 5 mm increase 

in the joint opening results in approximately 5% lower joint resistance and 12–

16% lower joint stiffness.  

(4) The increase in concrete strength improves the construction joint 

resistance. This increase is proportional to the square root of the concrete 

compressive strength. Moreover, the diameter of the steel dowel affects the 

construction joint stiffness and resistance. The increases in resistance and 

stiffness are both proportional to the square of the dowel diameter. 

(5) The construction join response remains the same when the dowel length 

is varied between 300 mm and 500 mm, meaning that for the analysed dowel, 

the reduction of dowel length to 14d does not affect the joint deformation and 

load capacity. However, a further decrease in length below 200 mm induces a 

considerable drop in the stiffness and resistance.  

(6) Concrete slab depth significantly affects the construction joint 

resistance. As the slab depth increases, the vertical distance between the steel 

dowel and the angle profile gets larger, reducing the negative impact of the angle 

profile and influencing the higher resistance of the joint. As a result, increasing 

the slab depth from 200 mm to 240 mm can increase joint resistance by 30%. 
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