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Abstract: In response to housing shortages in densely inhabited urban areas, there is a search for
structural engineering solutions for serial and modular construction. Prefabricated concrete columns
can make an important difference. Using industrial manufacturing processes, it is possible to produce
highly loadable, durable and true-to-size columns that enable accelerated construction progress
and dismantling or reuse of the components at the end of the structure’s economic life. However,
there are challenges in designing the detachable connection between highly loaded columns due
to an undesired reduction of the load-bearing capacity on the one hand and a high sensitivity to
geometrical deviations on the other hand. To investigate the load-bearing and deformation behaviour
of butt-jointed columns, large-scale component tests as well as three-dimensional numerical analyses
using the finite element method were carried out. The analyses show that measures to increase the
stiffness of the joint, such as thicker steel plates, lower mortar thickness, etc., lead to an increase
of the ultimate load. It could also be demonstrated that butt-jointed columns are very sensitive to
unevenness of the end faces. Finally, the investigations allow first conclusions on the design and
detailing of detachable compression connections between prefabricated concrete columns.
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1. Introduction

The prefabrication of reinforced concrete compression members is very advantageous
for many reasons, such as, for example, the rapid construction progress, modularisation or
the high quality and thus durability of the concrete components. Prefabrication also
plays an important role in terms of sustainability, as components can be replaced or
reinstalled in other structural surroundings once the end of the framework’s economic

lifecycle is reached.

Designing detachable joints is a complex issue in prefabricated compression members,
where high requirements exist concerning a high load-bearing capacity, tolerance compen-
sation and fast production, etc. The dimensioning of these joints depends on the forces to
be transmitted and other boundary conditions.

Butt joints have proven to be suitable for connections that are mainly subjected to
vertical forces. This also means that butt joints may not be used in areas with potential
seismic activity. Recent studies on column-column joints subjected to seismic or other
horizontal loads can be found in [1-5]. In Germany, prefabricated columns for high-rise
buildings have been a major application of butt joints since the 2010s. Well-known examples
are the “Tanzende Tiirme” in Hamburg (2013), the “TaunusTurm” in Frankfurt (2013) [6]
and the “Omniturm” in Frankfurt (2019) [7]. Figure 1a shows the “Four” high-rise project
that is currently under construction in Frankfurt. Taking the corresponding columns
in Figure 1b as an example, exceptional details of the trend towards high-performance
columns can be recognised. These include the application of high-strength concrete and
high-strength steel as well as the structural design with high reinforcement ratios and
40/). large bar diameters. This development leads to a reduction of column dimensions in order
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to maximize the rentable floorspace, to generate a filigree appearance and to build in a
resource-efficient way [8].

(b)

Figure 1. FOUR high-rise project in Frankfurt: (a) precast columns installed in high-rise structure;

(b) reinforcement cage and finished column at SACAC AG in Lenzburg, Switzerland [9].

A key focus in the design of prefabricated concrete columns is on butt joints, character-
ising a significant region of both discontinuity and transmission of high vertical forces. This
paper focuses on the joints of prefabricated columns using high longitudinal reinforcement
ratios and large bar diameters. New detailed evaluations of the force and deformation
behaviour of butt joints from large-scale experimental tests are presented. Based on the
findings, numerical mesoscale models were derived idealising the load-bearing behaviour
and providing insights into the failure modes of butt joints. The models allow first parame-
ter studies on influences on the ultimate load of butt-jointed precast columns and reveal
important factors to be taken into account for the design of butt joints.

2. State of the Art

Joints are usually the weakest point in prefabricated concrete columns. In the past,
a number of designs were investigated for optimal force transmission via butt joints,
e.g., elastomeric bearings [10], glued joints [11], grouted joints [12-16] or end-face-reinforced
joints [17-19]. In Germany, tolerance-compensating grouted butt joints with steel plates as
lateral strain restraints have been established for prefabricated columns that are predomi-
nantly loaded centrically [20-22] (cf. Figure 2a).

The absence of design and detailing rules in Eurocode 2 makes application difficult [23].
In Germany, for each high-rise project with prefabricated butt-jointed columns, an indi-
vidual approval has to be applied. In this context, the recommendations of the German
commentary on Eurocode 2 are mostly referred to [24]. Thus, the design load of butt-jointed
columns can be determined according to Equation (1) by adding the load-bearing parts of
concrete and steel in the same way as for the regular column design and introducing the
factor « for quantifying the influence of the butt joint.

Nrg = K - (A, - feq+As - fyq) 1)

C
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Figure 2. (a) Butt joint with steel plates; (b) model for force transmission according to [20]; (¢) mortar
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compressive strength depending on height-width ratio [6].

In analogy to the design of monolithic columns, the confinement effect of the transverse
reinforcement can be neglected for simplification. A more detailed consideration of the
strength-increasing confinement effect in reinforced concrete columns can be achieved, for
example, using the basic approaches in [25-29] or novel approaches in [30-34].

For butt joints with steel plates, k = 1.0 is given in the German commentary on
Eurocode 2 [24]. This means that according to [24], the application of butt joints with steel
plates does not lead to a reduction of the ultimate load of the respective monolithically man-
ufactured, reinforced concrete column. The background and confirmation of Equation (1)
is provided by the research of Paschen, Minnert and Bachmann [6,17,18]. They state that
the total load of the longitudinal reinforcement bars is transferred through the joint via
peak pressure (cf. Figure 2b) [6]. Due to the multiaxial compression stress state between
the steel plates, the mortar is able to transfer the high stresses of the longitudinal bars
through the butt joint. Figure 2c shows experimental investigations on mortar discs with
different thicknesses conducted by Bachmann [6] and supplementary investigations carried
out at iBMB, which prove the high load-bearing capacity of mortar layers. The lower the
height—width ratio of the mortar discs, the higher the mortar compressive strength due
to multi-axial compression stress states. According to Minnert and Bachmann [6,18], the
forces transmitted directly through the joint do not lead to any bond stresses between
the longitudinal reinforcement and the concrete. As a result, no time-independent stress
redistribution between steel and concrete is to be expected. Closer stirrup spacing to
provide increased confinement of the concrete core compared to the adjacent column is
therefore not required. It is important to emphasise that this approach is based on low- and
normal-reinforced concrete columns [18].

The experimental investigations leading to a factor k = 1.0 were carried out on butt-
jointed reinforced concrete columns with longitudinal reinforcement ratios p; < 6 % and
small bar diameters ¢; < 16 mm [18]. The applicability is additionally limited to:

Mortar thickness h;, < 20 mm.
Steel plate thickness hy > 10 mm.
Compressive mortar strength fomm > femyc

The list above is according to the German commentary on Eurocode 2 [24]. The high-
reinforced concrete columns commonly used in high-rise construction are not considered
by the investigations in [18] and recommendations in [24]. However, initial investigations
in [35-37] already indicate that the recommendation k = 1.0 is no longer valid for high
reinforcement ratios and large bar diameters.
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3. Large-Scale Tests

For the investigation of butt-jointed reinforced concrete columns with high longitu-
dinal reinforcement ratios and large bar diameters, five large-scale component tests were
carried out at iBMB, TU Braunschweig. In addition to two monolithically manufactured ref-
erence columns S 9.1 and S 7.7, three butt-jointed column configurations shown in Figure 3
will be considered in detail.
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Figure 3. Configurations of the test specimens $9.2,59.3 and S 9.6.

The component tests had a length of h = 202 cm and a square cross-section with a side
length of a = 28 cm. For all tests, concrete C50/60 as well as reinforcing steel B500 with bar
diameter ¢; = 40 mm were used. For the jointed columns, the longitudinal reinforcement
ratio varies between p; = 12.8% and p; = 25.6%, and the mortar thickness varies between
hm = 20 mm and hy, = 40 mm. In accordance with the recommendations [24], the stirrup
spacing was chosen to be s,, = 28 cm as specified in Eurocode 2 [23]. The corresponding
configurations as well as the properties of concrete, mortar and longitudinal reinforcement
are summarised in Table 1.

Table 1. Configurations of the test specimens and material properties of concrete, mortar and
longitudinal reinforcement.

References Butt-Jointed Columns
S9.1 S7.7 $9.2 S9.3 S9.6
Longitudinal bar diameter ¢, (mm) 40 40 40 40 40
Number of longitudinal bars ng ) 8 16 8 8 16
Reinforcement ratio p; (%) 12.8 25.6 12.8 12.8 25.6
Stirrup diameter ¢, (mm) 10 10 10 10 10
Distance between stirrups s ¢ (mm) 280 280 280 280 280
Mortar thickness hy, (mm) - - 20 40 40
Concrete Compressive strength fop, (N/mm?)  49.0 46.9 62.5 55.2 61.0
Young’s modulus Em, (N/ mmz) 38,000 - 40,700 39,200 37,800
Mortar Compressive strength fom m (N/mm?) - - 80.3 81.8 74.4
Young’s modulus Ec m (N/mm?) - - 29,900 29,400 29,100
Steel Compressive yield strength R;, 02 (N/mm?) 592 592 592 592 592
Compressive strength Ry, (N/ mmz) 637 437 637 637 637

The tests were performed in a 30 MN testing machine with a low eccentricity ey = 10 mm
and a path-controlled load application. Figure 4 shows the assembled column S 9.3 in the
testing machine just before testing. Detailed information on the test specimens, experi-

mental procedure as well as further tests on butt joints with end-face reinforcement can be
found in [35,36].
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Figure 4. Experimental setup: (a) schematic draft of 30 MN testing machine with butt-jointed column;
(b) installed large-scale test S 9.3 before testing.

The failure of the test specimens S 9.2 and S 9.3 (p; = 12.8%) was characterised by
the abrupt formation of vertical cracks as well as concrete spalling of the upper and lower
column segment, respectively. While the mortar joint in § 9.2 remained more or less intact
(Figure 5, left), severe spalling of the mortar and deformation of the steel plate could be
observed in S 9.3 (Figure 5, middle). The formation of vertical cracks at the corners of the
joint area initiated the failure of the test specimen S 9.6 (p; = 25.6%). Subsequently, sudden
spalling of the concrete cover in the corner areas of the column segments occurred. The
steel plates surrounding the mortar layer deformed significantly during the failure process
(Figure 5, right).

Figure 5. Test specimens after failure: S 9.2 (left), S 9.3 (middle) and S 9.6 (right).

Table 2 shows the measured ultimate load values Fy exp of the large-scale tests. The
calculated ultimate load F,, ¢, of the monolithically manufactured column is determined
by nonlinear calculations taking into account the eccentricity and the concrete properties
measured on concrete cylinders. The influence of different stress rates between the cylinders

& =0.6N/(mm?- s) and the columns ¢ ~ 0.1 N/(mm? - s) was taken into account by
reducing the concrete compressive strength with the factor 0.97 calculated according to
Model Code 1990 [28]. The influence of the test specimen’s geometry was captured in a
simplified way using the reduction factor 0.95 according to [38—40]. Component-specific
effects according to [39,41] resulting from the column configuration are not taken into
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account in the calculation in order not to affect the influence of the joint on the one hand
and to obtain an ultimate load calculation by analogy with Eurocode 2 on the other hand.

Table 2. Comparison of experimentally and mathematically determined ultimate loads.

References Butt-Jointed Columns
S9.1 S7.7 S9.2 S9.3 S9.6
Experimental ultimate load Fy,exp (kN) 6499 9811 6568 6063 7725
Calculated ultimate load Fy, ¢4 (kN) 6445 9860 7295 6845 10,232
Reduction factor Ty (-) 1.01 0.99 0.90 0.88 0.75

The utilisation factor Tpj in Equation (2) represents the ratio of the experimental load
Fyexp and calculated load F, .5, with the latter corresponding to the ultimate load of a

monolithic column.
. Fu,exp

nbj B 1::u,cal

@

The evaluation of the reduction factor ny,; shows that the ultimate load of the mono-
lithically manufactured columns can be calculated in very good accordance. However,
with ;< 1.00, the jointed columns show a reduction in load-bearing capacity and a
premature failure, respectively. The test results indicate that with higher longitudinal
reinforcement ratios or greater mortar thicknesses, only reduced ultimate loads can be
transmitted through the butt joint. For an investigation of the causes, also with regard to
future specifications, research on the stress and deformation behaviour of the butt joint
is essential.

4. Deformation of the Steel Plate
4.1. Experimental Findings

As part of the large-scale component tests, intensive evaluations were carried out on
the deformations in the region of the butt joint. First, the visible deformations of the steel
plates are presented (Figure 6a), which were detached manually from the columns after
conducting the tests and sandblasted to remove mortar and concrete residues. Subsequently,
all steel plates were analysed with the 3D laser scanner GOM Scan 1 of Carl Zeiss GOM
Metrology (Figure 6b). While Figure 6c shows the corresponding deformations of the lower
steel plate of S 9.3, Figure 7 shows the deformations of the upper steel plate of S 9.2 and the
lower steel plate of S 9.6.

S93
lower steel plate

7.40 0.00 ~4.50
[mm] B W N | =

(b) (c)

Figure 6. Lower steel plate of component test S 9.3: (a) photography; (b) 3D laser scan; (c) measured
deformations.
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Figure 7. Three-dimensional laser scans: (a) upper steel plate of S 9.2; (b) lower steel plate of S 9.6.

Figures 6 and 7 clearly display indentations of the longitudinal bars into the steel
plate as well as bended edges in the area of the spalled concrete cover. The asymmetric
deformation is caused by the eccentric load application in the large-scale tests (see Section 3).
The indentations into the steel plates correspond to the post-cracking stage and therefore
vary, nevertheless giving a good impression of the scale of the indentations. For the lower
steel plate of 5 9.3, for example, a maximum indentation of 4.5 mm can be observed.

Since only one side of the jointed column has failed in the tests S 9.2 and S 9.3, the
nearly intact column ends can be used to estimate the deformations approximately at the
point of ultimate load. Figures 8 and 9 show the evaluations of 3D laser scan measurements
for these two respective steel plates. The deformation is analysed in a cross-sectional cut
around the bearing point of a highly stressed longitudinal bar. An excerpted detail reveals
the indentations of the longitudinal bars into the steel plates.
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Figure 8. Deformations of the lower steel plate of S 9.2.
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Figure 9. Deformations of the upper steel plate of 5 9.3.

The evaluations show a maximum indentation of about 0.07 mm for the lower steel
plate of S 9.2 and an indentation of about 0.28 mm for the upper steel plate of S 9.3. The
difference between these values possibly represents the influence of the mortar thickness in
the butt joint, as the size of the mortar layer is the most important distinction between the
test setups S 9.2 und S 9.3. In the following, numerical analyses are presented examining
the correlation between mortar thickness and indentations of rebars into the steel plates
in detail.
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4.2. Numerical Investigations

A three-dimensional finite element (FE) model evaluated with the software Diana
FEA version 10.6 [42] shown in Figure 10a is used to approximate the indentations into the
steel plates numerically. The model describes the load-deformation behaviour of a steel
plate with continuous elastic spring support and non-uniformly distributed loading. The
surface load covers the mean concrete compressive strength f., and the yield strength
of the longitudinal reinforcement fy within discrete areas. An eccentric load application
in analogy to the tests is omitted in the numerical investigations for simplification. The
spring stiffness k = Ecmm/ (hm /2) of the two-dimensional elastic support represents the
compressed mortar layer within the butt joint. The steel plate is modelled with ideal
elastic—plastic material behaviour. The side length of the steel plate a = 28 cm, the concrete
compressive strength class C50/60 and the steel grade B500 are implemented from the
component tests.

S 235
hg=10 mm
k=3000 N/mm?

(a) (b)
Figure 10. (a) FE model of elastically supported steel plate; (b) exemplary deformation plot.

The discretisation of the steel plate is realised with eight-node isoparametric solid
brick elements with an average side length of 2.5 mm. The force-controlled load application
induces deformations within 25 uniform load steps. The Newton—-Raphson method is used
for the iteration procedure in association with convergence criteria regarding the balance of
forces and displacements, as well as a maximum number of iterations n = 20.

Figure 11 (left) shows the indentations into the steel plate depending on the mortar
thickness determined by numerical simulations. In addition, the grade and the thickness of
the steel plate are varied. The resulting diagram in Figure 11 (left) displays the influence
of all three parameters. The indentations of rebars into the steel plate are reduced with
decreasing mortar thickness. The same context applies for increasing thickness of steel
plates and increasing steel grades. As a complementary output of the parameter studies,
Figure 11 (right) reveals that an increase of the steel force in the longitudinal reinforcement
using larger bar diameters or higher steel strength leads to greater indentations. The solid
grey line shows that the combination of high-strength reinforcing steel with diameters
¢; > 32 mm and a steel plate S235 with hy = 10 mm results in a type of disproportionate
failure mode.

The experimentally determined indentations (see Figures 8 and 9) are slightly smaller
than the values from the FE simulation since premature failure occurred in the tests and
neither the concrete compressive strength nor the steel yield strength were reached across
the whole cross-sectional area. Another reason for the numerical overestimation is the
elastic modelling of the mortar support. In reality, the mortar voids compact simultaneously,
increasing the stiffness of the mortar with growing deformation. Nevertheless, the model
provides an insight into the main influences on the indentations into the steel plate, which
are the amount of applied peak pressure as well as the resistance of the mortar layer and of
the steel plate itself.
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Figure 11. Indentations in relation to mortar thickness (left) and in relation to longitudinal bar
diameter (right).
5. Stress Redistribution in Column End Regions
5.1. Experimental Findings

The indentations of the longitudinal rebars into the steel plate investigated in Section 4
lead to relative displacements between concrete and steel. Such relative displacements acti-
vate bond stresses and therefore stress redistributions from the longitudinal reinforcement
to the surrounding concrete.

Figures 12 and 13 show the evaluations of the strain gauges attached on the longitudi-
nal reinforcement and on the concrete cover for the tests S 9.2 and S 9.3, respectively, along
the column axis and over the course of the test regime, up to reaching the ultimate load.
The locations of the strain measurements are indicated in Figure 3.
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Figure 12. Measured concrete (left) and steel stains (right) above and below the butt joint for S 9.2.
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Figure 13. Measured concrete (left) and steel stains (right) above and below the butt joint for S 9.3.
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Figure 12 (left) reveals that the compressive strains in the concrete cover increase
continuously along the column towards the butt joint. Figure 12 (right) shows that the
steel strains decrease accordingly. The redistribution of compressive stresses parallel to the
bar axis becomes visible starting at a distance of about 25 cm apart from the steel plates.
The ultimate compressive concrete strain can be calculated according to EC2 [23] using the
formulation ec; = 0.7 - 23! resulting in 2.52%0 for S 9.2. In the upper column segment, the
compressive strain in the concrete cover reaches the ultimate strain of the concrete €. at
about 90% of the ultimate load. Failure occurs above the butt joint due to exceeding the
concrete compressive strength and spalling of the concrete cover.

The steel strains in Figure 12 (right) display that the yield strain Rp02/Es

= 592 N/mm? /200,000 N/mm? = 2.96%o is not reached before the ultimate load. Only
one strain gauge in the failing upper column segment denotes the yield strength according
to the spalling of the concrete cover.

Figure 13 shows the concrete and steel strains for S 9.3 with an increased mortar
thickness of hy, = 40 mm. In this test, failure of the concrete cover occurs in the lower
column segment. Furthermore, the measurements indicate that the ultimate compressive
concrete strain is also exceeded in the upper column segment.

The diagrams confirm the hypothesis of time-independent stress redistributions from
the steel to the concrete due to indentations of steel bars into the steel plate. The absorption
of additional compressive stress leads to premature overloading and spalling of the concrete
cover initiating the failure of the butt-jointed column. The tested columns therefore did not
reach the anticipated ultimate load of monolithically manufactured columns.

5.2. Confinement

The concrete core is confined by transverse reinforcement. The load-bearing effect
of confinement can be estimated using the strain gauges at the measuring points on the
stirrups shown in Figure 3. The highest strain is obtained in the stirrups arranged 3.0 cm
above and below the steel plate, respectively. In the upper column segment, strains of
€g92 = 0.53%0, €593 = 0.37%0 and egg = 0.59%0 were measured for these stirrups. As-
suming an ideal elastic—plastic stress—strain material behaviour for the steel stirrups, the
corresponding tensile stresses result in ogy u592 = 106 N/mm?, oy u5 93 = 74 N/mm?
and gy 596 = 118 N/mm?.

Exemplarily, the increase of the concrete compressive strength in the column core is
calculated for S 9.2. According to Equation (3), the stirrup stress ogy 592 = 106 N/ mm?
leads to a confinement stress 0, = o3 [43].

2 - Asw * Oswu 2 . 785 mm? - 106 N/mm?

— =049 N/mm? (3
by - 0.5(sw+30mm) _ 220 mm - 0.5(280 mm + 30 mm) /mm” - (3)

0y =

For transverse compressive stresses 0, < 0.05 - fom, Equation (4) can be applied to
determine the multiaxial concrete compressive strength f.m  according to Eurocode 2 [23].
As a result, for fon = 62.5 N/mm?, the multiaxial concrete compressive strength fom ¢ in
the column core results in foy o = 1.04 - fo = 65.0 N/mm? according to Equation (4).

fomc 02 0.49 N/mm?
£ = (10450 -—= ) = (10450 - ————_ ) =1.04 4
forn o0 Y s N/mm2 @

The estimation of the compressive state due to confinement reveals that the chosen
transverse reinforcement does not lead to a significant increase of the concrete compressive
strength within the column core. Hence, in the following numerical investigations, the
confinement effect is neglected for simplification. Further studies featuring closer stirrup
spacing might be useful to achieve substantial confinement effects.
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5.3. Numerical Investigations

In order to obtain more detailed knowledge about the failure modes of butt-jointed
columns, the time-independent redistribution of compressive stresses due to the activa-
tion of bond stresses above and below the butt joint is analysed numerically. Figure 14a
represents the three-dimensional FE model, which is a rectangular concrete prism with
a height of h = 30 cm and a single embedded reinforcement bar ¢; = 40 mm resolved
discretely. In agreement with the experimental large-scale tests described in Section 3, the
material properties of concrete C50/60 and reinforcing steel B500 are taken into considera-
tion. The material behaviour of the longitudinal reinforcement is described using a von
Mises yield criterion enhanced with strain-hardening behaviour. The performance of the
surrounding concrete is modelled using the Total Strain Based Crack Model from the Diana
FEA library [42]. The uniaxial stress—strain relationship for structural analyses according
to Eurocode 2 approaches the compressive behaviour of the concrete matrix [23]. Addi-
tionally, tensile stresses are limited with the help of a yield criterion preventing premature
failure in the region of geometrical and physical discontinuity. The bond zone between the
longitudinal rebar and the concrete is discretised with zero-thickness interface elements.
For the description of its material behaviour, the bond model from Model Code 2010 is
applied [44].

@
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Figure 14. (a) FE model of reinforced concrete member with elastic spring support; (b) vertical
deformation plot.

Both the steel bar and the concrete matrix are discretised with an average element
side length of e = 5.0 mm. Isoparametric CHX60 elements with 20 nodes are applied. The
discretisation of the interface is realised with square Q24IF elements with eight nodes,
i.e., four nodes per face. The upper surface of the prism is loaded by applying a uniformly
distributed stress q. The linear-elastic spring support at the bottom of the setup is charac-
terised by spring stiffness k. The configuration of the model is summarised in Figure 14a.
General simulation settings agree with the previously presented numerical analyses of steel
plates in Section 4.2.

Figure 14b shows the vertical displacement w of a cuboid specimen with a spring
support k = 2500 N/mm? as a coloured concentric section-cut with superelevated defor-
mations. The incrementally increased loading is bounded by the compressive failure of
the concrete, induced by unavailable convergence of the nonlinear iterative solution. The
relative displacement between the longitudinal rebar and the surrounding concrete is
clearly visible and increases towards the butt joint.

Figure 15a depicts the tangential bond stresses in the bond zone parallel to the
loading direction. With a spring stiffness k = 2500 N/mm?, a maximum bond stress
of T &~ 6.20 N/mm? is generated, which is significantly below T,may = 2.5 - v/58 N/mm?

= 19.04 N/mm? for good bond conditions or Tpmax = 1.25 - V58 N/mm?2 = 9.52 N/mm?
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for all other bond conditions proposed in Model Code 2010 [44]. The diagrams in Figure 15b
show the distribution of corresponding concrete and steel stresses in vertical z-direction
evaluated in the axis of the rebar and at the edge of the matrix, respectively, over the prism’s
height. In accordance with Figures 12 and 13, there is a downward increase of concrete
stresses and a stress decrease within the longitudinal rebar. Furthermore, the expected load
capacity of the specimen due to superposition of load-bearing parts cannot be reached due
to the premature failure of the concrete immediately above the support. In line with this,
the steel bar only reaches stresses of a maximum of o5 = 370 N/ mm?.
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Figure 15. Evaluation of stresses: (a) bond stresses in the interface; (b) development of concrete and
steel stresses over the height.

Further numerical simulations with a varying spring stiffness provide different maxi-
mum slip values representing the indentation of the longitudinal rebar into the support
layer. Figure 16 (left) summarises the resulting indentation s relative to the applied spring
stiffness k. The indentation decreases with increasing stiffness of the spring support, which
is equivalent to the resilience of the butt joint. The diagram further indicates that with ap-
plication of the bond model for good bond conditions from the MC 10 [44], which provides
a higher stiffness and strength of the bond layer, the resulting slip is less than using the
proposed model for all other bond conditions.
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Figure 16. Relationship between modulus of spring stiffness and indentations (left) and reduction of
ultimate load as a function of indentations (right).

The right-hand diagram displays the utilisation 1 = F_,;/Fe of the cross-section
relative to the indentation s. The reference load F.of = Acn + fem+As - Rpo2 is deter-
mined including the average concrete strength fom = 58 N/mm? and the steel yield stress
Rppo2 =592 N/ mm?. The greater the indentations, the lesser the calculated ultimate load
that can be utilised. It is noticeable that the MC 10 bond model for good bond conditions
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leads to greater reduction factors 1 compared to all other bond conditions. Due to the
better bond between steel and concrete, higher bond stresses are activated with the same
indentation resp. slip; thus, the concrete is subjected to a greater increase in compressive
stress, leading to earlier failure.

6. Evaluation of Load-Bearing Behaviour
6.1. Large-Scale FE Model

In the following FE analyses, a combination of the models in Sections 4.2 and 5.3 is
generated in order to carry out numerical simulation of large-scale butt-jointed concrete
columns corresponding to the tests in Section 3.

Figure 17 displays the three-dimensional FE model for a butt-jointed reinforced con-
crete column. Due to symmetry, only the upper column segment is considered. Typical
model properties as well as the simulation settings such as load application and iteration
method agree with the presented models in the previous sections. The average element
length is e = 5.0 mm. The configuration of the applied material models is adopted from
the previous analyses in Sections 4.2 and 5.3. To control the bond behaviour between the
steel plate and the column’s end face, a further interface is introduced tolerating minor
relative displacements of the bonded surfaces.
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I
-~
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w | stiffness CI. I
| — &
2 73 !
E cm,m
b :
strain ¢y,
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(a) (b)

Figure 17. FE model of the butt joint in a reinforced concrete column: (a) entire model with specific
model properties; (b) detail with hidden concrete elements.

As a modification of the material behaviour, the increased concrete compressive
strength due to multiaxial stress conditions is considered using the constitutive concrete
model by Selby and Vecchio provided by the Diana FEA library [45].

Another additional effect to be included is the squeezing out of voids from the mortar
layer due to very high compression. This effect is modelled in a simplified way by intro-
ducing hardening by 20% to the spring support for the stress—strain relationship above
the mortar compressive strength fon m = 80 N/ mm?. Due to its importance for the entire
load-bearing behaviour, further investigations on the effect of the increasing stiffness of
highly compressed mortar should be considered. Figure 17a illustrates both adaptations in
terms of resulting stress—strain diagrams.

The loading applied is path-controlled. Initially, load steps are defined as 0.10 mm/step,
whereas the load increments are reduced to 0.01 mm/step reaching the region of non-linear
material behaviour. In analogy to previously presented analyses, the Newton-Raphson
method is used to achieve consistently good convergence behaviour.

The evaluation of the stress distribution in the butt-jointed specimen reveals the failure
behaviour. In Figure 18, two contour plots with superelevated deformations and a section-
cut in the layer of the rebars are compared to each other regarding the vertical compressive
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stresses in the concrete matrix. The plot in Figure 18a shows the stress state at about 90% of
the ultimate load in detail, whereas in Figure 18b, the ultimate stress state is depicted.
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Figure 18. Contour plot of compressive stresses: (a) detail of rebars deforming the steel plate at 90%
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of ultimate load; (b) compressive concrete stresses at ultimate load.

In Figure 18a, the rebars are already deforming the steel plate and a minor multiaxial
compressive stress state is activated in the concrete core between the bars. In the concrete
cover, no significant confinement is generated so that failure is initiated here by exceeding
the mean concrete compressive strength fom = 58 N/mm?. In particular, the steel plate
prevents the development of slip between the rebars and surrounding concrete in the
vertical z-direction. Right there, Figure 18a shows a small area coloured red, where the
elements of the concrete matrix can no longer bear any significant compressive stresses.
In contrast to the model in Section 5.3, the nodes within the column’s end face have to
displace together in a vertical direction because of the continuous steel plate, which does
not tolerate surface warping. This restraint leads to increased distortion of the adjacent
concrete elements compared with the simulation without steel plates, as indentations of
the longitudinal reinforcement into the steel plate occur due to the high peak pressure thus
leading to a local premature failure.

In comparison to the stress state in Figure 18a right before the introduction of the
collapse, the compressive stresses are redistributed in Figure 18b due to the failure of the
concrete cover. The contour plot contains broad regions with red resp. orange colours
indicating the failure of material with diminishing load-bearing capacity. The blue colouring
within the concrete core represents the exhausted compensation of the cover’s loss of load-
bearing capacity. The increased compressive stress in the concrete core due to multiaxial
confinement contributes to the resilience of the butt-jointed column in the residual state.

Based on this FE model, the prevalent influences on the reduction factor Mpj derived in
the previous analyses are investigated with the help of numerical simulations with distinct
parameters varying. Visualised in Figure 19, the results demonstrate the remarkable effect
of the butt joint design on the load-bearing capacity of jointed columns.

Figure 19 (left) shows the reduction factor ny,; as a function of the mortar thickness
hm. The experimental results correlate well with the numerical simulations. The reduction
factors calculated by the FE model npjnum,s9.2= 0.90 for the jointed column S 9.2 and
Mbj,num,s9.3 = 0.85 for § 9.3 are a good approximation of the experimentally determined
values Np;exp 592 = 0.90 and Np;exp 59.3 = 0.88. The stiffer the grouted butt joint, i.e., for
example, lower mortar thickness and greater steel plate thickness, respectively, the smaller
the deformations of the butt joint appear and thus the lesser the load-bearing capacity
decreases. With a very thin mortar layer, almost the entire load in the longitudinal bars can
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be transferred via peak stress across the joint. An enhancement of the steel plate thickness
provides advantages, especially with larger mortar thicknesses. Increasing the steel plate
thickness from hy = 10 mm to 20 mm generates a relative improvement of the load-bearing
capacity of about 5% concerning a mortar thickness hy, = 40 mm, for example.
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Figure 19. Utilisation of the ultimate load as a function of mortar thickness and steel plate thickness
(left) and the longitudinal bar diameter (right) for square column segments with 28 cm width.

Figure 19 (right) illustrates the effect of enlarging longitudinal bar diameters on the
load-bearing capacity, simultaneously influencing the longitudinal reinforcement ratio.
Furthermore, two reinforcement setups are considered: eight longitudinal rebars in ac-
cordance with the experiments and as an alternative only four longitudinal rebars each
in the corners. The concrete cover was modified to chom = @]. The diagram shows that
with bigger longitudinal bar diameters, severe reductions occur in the ultimate load, in
case no additional measure is conducted. The corresponding trend line agrees with the
observations in Figure 11 (right).

Figure 19 (right) also indicates that reinforcement ratios p; < 6% lead to minor de-
viations of the ultimate load to the monolithically manufactured column. Regarding the
investigated configurations, at least Npj = 0.96 is achieved reliably for p; < 6%. Thus, the
respective statements in the German commentary on EC2 [24] and Minnert [18] concern-
ing the reinforcement ratio are supported as there is no need for a reduction factor for
butt-jointed columns with low reinforcement ratios p; < 6%. However, concerning large
longitudinal rebar diameters ¢; > 40 mm and eight longitudinal bars, there are significant
deficits in the ultimate load (y; < 0.90). These configurations require special attention to
the detailing of the butt joint in order to limit the reduction factor n;.

6.2. Influences on the Load-Bearing Behaviour

The simulations with the mesoscale models in Sections 4.2 and 5.3 as well as the
combined large-scale model of the butt-jointed column show that both the steel force and
the stiffness of the butt joint have a great influence on the generated load-bearing capacity.
The indentations of the longitudinal rebars into the steel plates have a significant impact
on the stress redistribution from the steel bars to the concrete cover and therefore lead
to premature failure. Due to the sensitivity of precast columns to relative displacements
between steel and concrete, production-related size tolerances of the longitudinal rebars
are also critical, so that any potential slip should be kept to a minimum.

The following detailing modifications of the butt joint can lead to an improvement of
the load-bearing capacity of jointed columns:

Increasing the thickness and grade of the steel plates.

Increasing the Young’s modulus of the mortar.

Reducing the thickness of the mortar layer.

High planarity of the end faces of the columns.

Minimum gap between longitudinal reinforcement and the steel plate.
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Furthermore, the confinement of the concrete core using effective stirrup reinforce-
ment has a great influence on the load-bearing behaviour of jointed columns. Sufficient
transverse reinforcement in addition to the confining steel plate most likely compensates
the load-bearing ratio due to failure of the concrete cover and possibly enables a further
increase of the ultimate load, respectively. However, it should be remarked that these
efforts lead to reduction of stiffness. In this article, moderate transverse reinforcement
ratios were considered. Further investigations regarding the influence of the transverse rein-
forcement ratio on the load-bearing behaviour of butt-jointed reinforced concrete columns
are required.

7. Conclusions and Outlook

Prefabricated reinforced concrete columns can contribute to the rapid and also sustain-
able construction of buildings or even high-rise buildings. The use of high reinforcement
ratios and large bar diameters provides reductions in the number and the dimensions of
the columns, respectively. The joint between precast columns has a great influence on
the design and construction and requires special attention. Grouted butt joints, which are
able to transfer high forces compensating tolerances simultaneously and can afford to be
dismantled in terms of future re-utilisation, have become an established state of the art in
German-speaking countries within the last 10 years.

In order to analyse the load-bearing behaviour and the deformations of the butt-
jointed columns, five large-scale tests were carried out at the TU Braunschweig. They
indicated that:

e  The ultimate load of the monolithically manufactured columns could no longer be
achieved with the addition of butt joints.
The reduction of the ultimate load increases with greater mortar thickness.
The reduction of the ultimate load increases with higher longitudinal reinforcement ratio.
Failure is initiated by spalling off the concrete cover immediately above or below the
butt joint.
There are considerable indentations of the longitudinal rebars into the steel plates.
The strain of the longitudinal rebars decreases in the direction of the butt joint and
that the strain in the concrete cover simultaneously increases.

e  Premature failure occurs due to overloading of the concrete cover when the concrete
compressive strength is reached.

Using mesoscale FE models, the experimental phenomena could be analysed more
deeply. With the large-scale FE analyses, the load-bearing behaviour of the large-scale tests
could be reproduced and the influences on the effect of the load reduction at butt-jointed
concrete columns illustrated. From the mesoscale models and the large-scale model, it can
be deduced that:

e The indentations of the longitudinal bars into the steel plate increase with enlarging
bar diameter as well as thinner steel plates.

e Due to slip between reinforcement and concrete, bond stresses are activated right
above the joint.
Deep indentations lead to significant ultimate load reductions.
The application of thick mortar layers, thin steel plates, large bar diameters and high
reinforcement ratios, respectively, leads to considerable reductions in the ultimate load
of the jointed column.

The investigated failure modes of butt joints can also be transferred to length tolerances
of the longitudinal reinforcement, which is especially important in the case of high load-
bearing precast columns.

A further important aspect is the load-increasing influence of confining the inner
concrete core. In this respect, research on the influence of the connection between the
steel plate and the end face of the column confining the column is also necessary. The
better the adhesive and frictional bond between the steel plate and the column, the higher
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the multiaxial stress state emerges in the concrete and the higher the performance of the
butt joint.

An additional discussion point is the bond behaviour between longitudinal reinforce-
ment and concrete. In this paper, the characteristic equations according to MC 2010, derived
from pull-out tests, were used. However, it should be examined whether they are also valid
for compression with simultaneous high loading of the surrounding concrete.
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