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FOREWORD
This research report presents the experimental campaign conducted during the PhD programme
“Numerical and experimental studies of precast reinforced concrete walls”
‘Analize numerice si experimentale a peretilor prefabricati din beton armat”
at Technical University of Cluj-Napoca, Faculty of Civil Engineering, Romania,
by PhD student: Dan Andrei MICLAUSOIU, MscEng
PhD advisor: Assoc. Prof. Mihai Nedelcu
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SUMMARY
This paper reports the output of eighteen shear tests performed on six different joint layouts currently used to

achieve vertical connection between wall panels in structural shear wall assemblies. The 1st chapter starts with a
general introduction of the structural shear wall system, the research motivation and a summary of the tested
connection layouts. The 2 chapter presents the test set-up and the measurement technique. The 3t chapter
presents the testing results of the connections with steel assemblies, while the 4t chapter, of the connections with
high strength wire ropes. Six additional tests on two wire loops connections layouts are attached to chapter 4. The
3 and the 4t chapters contain subchapters discussing general descriptions and considerations regarding the
connections, followed by the detailed presentation of each connection layout, geometry, casting and test results.
Finally, the results are summarized and compared with existing resistance models. The last chapter concludes the
test observations and discuss further research directions of this project.
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1 GENERAL INTRODUCTION

Precast concrete shear walls are widely used to secure the stability of multistory precast buildings. To achieve a
robust wall structure and structural interaction between the wall elements, it is important that the forces can be
transferred from one wall panel to another and, finally, to the foundation. This requires a good design of the wall
panels and good wall connections. However, most importantly, this requires a very good understanding of the
stiffness of the precast wall panel connections that are assumed in the global calculation model. The structural
response of the building structure is heavily influenced by this choice. This relates to the vertical and horizontal
connections between the precast wall panels.

R R R R RN Y]

Figure 1-1 Precast concrete shear wall with vertical connections

To achieve structural interaction between the wall panels, adequate capacity must be provided for the structural
connections. The shear capacity of the vertical connections (Figure 1-1) has been the subject of many experimental
research projects starting from the 60s [1] [2] [3] up to present [4] [5] [6]. The current design practice in Europe
relies upon EN 1992-1-1, chapter 6.2.5, “Shear at the interface of concrete cast at different times” [7]. The multitude
of novel connection layouts, more and more economical from the casting and labor time perspective, rises debates
whether such a general approach is universally applicable or not.

Besides the shear capacity of the connections, the main motivation for the present work is to assess the force -
shear slip behavior of vertical connections. The design based on linear-elastic Finite Elements Method provides
the possibility to model the stiffness of the connection (e.g., with linear springs). The use of stiffness values ranging
between 0 to 107 kN/m/m (stiffness value associated to monolithic concrete) drastically influence the building
response to lateral loads and the distribution of internal forces. Current design practice assumes a value of 5-104
kN/m/m. Moreover, if the stiffness of the connections is damaged (plastic behavior due to cracking), then the
internal forces redistribution takes place. A linear-elastic finite element global analysis model cannot estimate this
redistribution. Therefore, it is very important to assess the force — shear slip behavior, to determine if a linear
behavior occurs up to the ULS of the connections.

The goal of this project is to better understand the behavior of connected precast concrete shear walls. To achieve
this, testing and Non-Linear Finite Element Analyses of different types of vertical wall-to-wall connections are
proposed. This report will present the experimental part of this project.

The structural connection type divides the experimental program in two sections: connections using grouted shear
keys with steel assemblies (SA series) and connections with high strength wire loops (WL series). First two series
are inspired by one of the Strangbetong preferred solution (SA1 and SA2). The 3%, is a prototype proposed within
Consolis’ R&D department (SA3). Wire loops series investigates three different wire loops connections layouts
(provided by different producers). A test series comprises three specimens designed to be identical. The aim of
repeating the tests is to assess the consistency of the results. There is also the possibility of statistic interpretation
if at least three results are available. The experimental program overview is presented in Figure 1-2. The


https://strangbetong.se/
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connections layouts are briefly described in Table 1.1. A detailed presentation of the test specimens will be
presented for each test series separately in the following sections (chapter 3 and 4).

- -

/SA1: Welded Plate ™ /" SA2: Welded Plate 7" SA3:“CLock’
and Shear Keys and Shear Keys connection
(full width)
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7~ WL2:Pintos /7 WL3: Philipp
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Figure 1-2 Experimental program overview

The wire loops test series outcome caused the experimental campaign to extend with two additional series for wire
(WL4 and WL5 showed in Figure 1-3).
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Figure 1-3 Experimental program extension
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2 TEST SET-UP

Figure 2-1 Laboratory test set-up (theory and practice)

The tests were performed at one of the testing facilities of the Technical University of Cluj-Napoca using an existing
reaction frame and two interconnected hydraulic jacks (900kN capacity each). The forces from the two jacks are
transferred to the specimen by a steel transfer beam (HEB 220 S355, with strengthened web and stiffening plates),
under which a load cell and a spherical cap are placed. Between the spherical cap and the specimen, a steel plate
(200x250x10mm) is placed. A neoprene pad (250x250x20mm) is positioned under the specimen to assure uniform
support pressure and to offer a minimal rotational capacity. Around the specimen, a safety frame has been
assembled using multi-purpose, adjustable and reusable steel beams. The role of the safety frame is to secure the
specimen position and provide support for the ground fixed transducers. The safety frame is not connected to the
specimen during testing (around 2.5¢m of clearance allowed).

The loading was applied in incremental load steps. The maximum load step size is chosen so at least 10 loads
steps are applied up to the failure of connection (FLoadstep = Freak/10). For the first test specimens of each test series,
the ultimate load was determined by calculations. In some cases, the specimens test resistance was
underestimated, and the load step size was doubled after 10 load steps. To ensure deformation and internal stress
stabilization, the load level was kept constant between the load steps for 100-200 seconds. This waiting period is
considered adequate by assessing the real time readings of the force, deformations and displacements. In few
cases, when the specimens test resistance was overestimated, the waiting periods were increased at the first signs
of damage. Time spans of 10-15 minutes were taken, after the occurrence of cracking for manual marking of crack
lengths and crack-width readings.

Displacement measurements were performed on both faces of the specimen, with Linear Variable Differential
Transducers (LVDT) on the front face, and with a Digital Image Correlation (DIC) system on the rear face (Figure
2-2). Both faces were monitored to assess if there are other significant force components in the connection (e.g.,
out-of-plane shear, bending over the vertical axis, caused by force eccentricity or casting imperfections).

Figure 2-2 LVDT (left) and DIC measurement points + vertical displacements field before cracking load for SA1T2
specimen (right)

4
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Due to the very high stiffness of the joint, relatively high rigid body motions obscure the relevant displacements.
The LVDTs presented in Figure 2-2 are fixed relatively on the two walls and the rigid body movements caused by
the boundary conditions do not affect their measurements. The software used for DIC has an option of removing
the rigid body motion (VIC 3D 8 Testing Guide [8]). LVDTs and DIC measurements were compared and the largest
deviation in terms of displacements was around 20%. This verification was performed for each test of the program.

Further on, it was noticed by observing the displacement fields captured with DIC, that the number and position of
the LVDTSs (presented in Figure 2-2) are not able to capture the entire shear-slip behavior of the joint accurately.
Therefore, a new analysis method was proposed. Several measurement points were added at an incremental
distance of 10 cm along the joint height and displacement values were extracted (Figure 2-3 and Figure 2-4: the
left images show the measurement points positions). To obtain the relative displacement of two points (placed on
each precast panel), the displacement (vertical or horizontal) of one point is subtracted from the other. Plots from
Figure 2-3 and Figure 2-4 (right hand side) show that the shear slip is almost two times bigger at the joint extremities
than in the middle and the other way around for the joint dilation. Further, the challenge is to find the most relevant
measurement points for estimating the stiffness of this connection. More research is needed to assess the stress
state taking place in a push-off configuration and compare it with a vertical connection of a shear wall. For the
current stage of the research, an average of 10 measurement points along the height of the joint was plotted along
with the force. The stiffness was calculated as a secant slope for each behavior stage specific for each connection
type (e.g. pre-cracking stage, post-cracking stage etc.). The stiffness values will be presented for each test and it
can be described as an average secant shear stiffness of the joints.

Shear Displacement [mm]
-1 -0,8 -0,6 -0,4 -0,2

0
m¥ 50cm
s 40cm

—  30CcM
—  20cm
— 10cm
 — Y 3101y 1}
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I
—
sl

Joint Height

-20cm
-30cm
-40cm
-50cm

H 250kN m 640,9kN m 950kN 1316,2N

Figure 2-3 Vertical displacements field at peak load for SA1T2 (left); Shear slip over the joint height (right)
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Figure 2-4 Horizontal displacements field at peak load for SA1T2 (left); Joint dilation over the joint height (right)



Experimental analysis of vertical connections for precast shear walls May 2023

Figure 2-5 Strain gauges on the welded plates (left image: SA1; right image: SA2)

The strain gauges presented in Figure 2-5 were used to better understand when and how the welded plates are
loaded. In simplified code calculations it is assumed that the welded plates are loaded only in axial tensile
horizontal stresses. Any bending and shear stresses are neglected. To accurately determine the stress state in
the steel assembling tying system, a dedicated local study would be required. The strain gauges results will be
used in the future for Nonlinear Finite Element model — experimental results comparison.

i SHREE
|t‘ZRZ 0B ZR‘l’}U

/ ISN ,ﬂ‘

OSN 550
ss0

Figure 2-6 Test safety monitoring instrumentation

Additional measurements were carried out for real time monitoring the behavior of the test set-up. The LVDTs
layout shown in Figure 2-6 is able to assess the specimen rotations over the three axis: IF and ISN used for in-
plane rotation; OF and OSN for out-of-plane rotation; ZR1 and ZR2 for rotation over the vertical axis. Eventual
sliding in the boundary conditions would also be pointed out. These measurements are important on one hand,
for the safety during testing and on the other hand, to ensure that the specimen is properly centered into the test
set-up and no significant force components are induced to the connection, altering the shear test results. ISN
and OSN sensors reported little base sliding (around 3 mm for some specimens). Alongside the rotations of
around two degrees, it was considered that pure shear loading is a good assumption.
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3 CONNECTION WITH GROUTED SHEAR KEYS AND STEEL ASSEMBLIES

3.1 Introduction

This chapter will discuss vertical shear connections that are using steel assemblies (SA series). These connections
can be classified as “dry” or “wet”. Dry connections use steel assemblies to provide stiffness and capacity. The
steel assemblies mostly consist of two embedded inserts anchored in the precast panels and a third part, welded
or bolted in the assembly stage. Wet connections can use several types of reinforcement configurations and the
force transfer is achieved through the structural grout poured in joints in the assembly stage. The most common
solution is the overlapped U-bars connection. Structural integrity regulations contain minimum requirements for
horizontal ties between the components of the vertical structural stability system. These ties can be designed in a
way to provide also the necessary clamping forces needed for the vertical shear connections. Present studies
propose methods for estimating the capacity [5], [6] and stiffness [5], [9] of overlapped U-bar connections.
Segrensen [6] proposes a shear capacity calculation method, considering the biaxial compressive stress state in
the grout, the geometry of the shear keys, the overlapped reinforcement and the lacer bar contribution. The current
design practice in Europe is dictated by the EN 1992-1-1, chapter 6.2.5, “Shear at the interface of concrete cast at
different times” [7], [10]. This calculation method considers the tensile strength of concrete or grout, the
reinforcement area and it provides coefficients depending on the interface roughness.

This chapter studies the in-plane shear behavior, capacity and stiffness, of a special type of connection
consisting of welded plates and grouted shear keys. This connection can be described as a “dry” connection detail,
having welded steel plate on site between two embedded adjacent inserts. Yet, the joint is grouted, and the
interface is provided with shear keys, geometrically complying with chapter 6.2.5 from EN 1992-1-1. The welded
steel plate combined with casted joint is not a fully dry solution. It starts to operate directly after welding but it gets
full capacity and fire safety after casting. This connection type is a combination of two typical connections with
different force transfer mechanisms. If a dry connection detail is used in combination with a grouted joint, then the
forces from the steel connectors are associated with clamping forces, rather than shear forces [11]. If clamping
forces are predominant, these connections capacity should be calculated according to chapter 6.2.5 from EN 1992-
1-1.  This implies assessing all possible tensile failure mechanisms of the welded plates
assembly: yielding of the anchorage bars, welding rupture, or yielding of the welded plate. To the best
of the authors knowledge, no similar connection has been studied through experimental testing in the
past. Two test series were casted with a slight parameter variation based on the connection layout presented in
Figure 3-1: SA1 and SA2. In the last series (SA3) the welded plates assemblies are replaced with a more
construction friendly steel assembly that is using bolts instead of welds. A detailed presentation of the test
specimens geometry, properties, casting and test results is shown in the following subchapters.

The topic was debated at the 6™ fib International Congress in Oslo from 2022 [12].
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Figure 3-1 Preferred vertical connection layout in Strangbetong: a) embedded insert; b) typical connection layout; c)
shear keys detail
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3.2  Welded plates and shear keys (SA1)
3.21  Specimens’ presentation

This connection detail (Figure 3-2) was inspired by a typical connection detail used to joint together walls in Sweden
(Figure 3-1). However, some adaptations have been carried out:

- the reinforcement of the precast panels was designed to ensure the failure of the connections in a push-
off configuration (avoiding any type of wall failure, e.g. corbel failure or panels excessive cracking) without
following any specific reinforcement configurations used in normal buildings (Figure 3-3);

the inserts were placed on both sides of the wall in order to create a symmetrical connection. A non-
symmetric connection will cause losing the planarity of the specimen bringing safety concerns for the
push-off test configuration. Moreover, it is considered that a symmetric configuration has more similar
conditions to the real structure, where out of plane movement is blocked by other structures (e.g.
perpendicular adjacent walls, horizontal connections);

usually, shear keys are placed into a recess in order to obtain a higher capacity for out-of-plane actions.
Since the out-of-plane behavior was not part of our study and the edges of the recess obstruct the view
on the cracking patterns of the joint, the width of the shear keys was equal to the wall thickness;

the joint interface did not receive any special treatment (e.g., cleaning, or the opposite, greasing)
emulating normal on-site casting conditions;

the welding was performed in site conditions with a AS B-248 Coated Electrode @ 3.25 x 350 mm,
available on the local Romanian market;

joint grouting was done with a dry mix grout available on Romanian market, Mapei Mapegrout SV [13],
that seemed to have similar mechanical properties to those used for this connection type. The joint was
cast in a vertical position, molded on both sides and grouted from above;

mean material properties are presented in Table 3.2.1 and 3.2.2 and their coefficient of variation with
normal distribution (CoV).

2
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Figure 3-2 Configuration of SA1 specimens (dimensions in mm)

8



Experimental analysis of vertical connections for precast shear walls May 2023

Figure 3-3 Specimens from SA1 (from left to right test 1, test 2 and test 3)

The three test specimens are designed to be identical, and the test results show a good agreement in terms of
capacity and displacements, yet there were few casting imperfections. The joints were designed with half width
keys between the embedded inserts, but not all of them were completed (Figure 3-4). The theoretical welding
dimensions are 5mm in thickness and 70mm in length, yet after the failure was observed that proper welding
thickness was not achieved for the 3 test specimen (Figure 3-5).

Figure 3-5 Welded plates after failure (1st test vs 3rd test)

The results presented in chapter 3.2.2, are showing a progression that might be caused by the imperfections
presented in Figure 3-4. SA1T2 has the higher capacity (no keys missing), followed by SA1T3 (with only half-key
missing) and SA1T1 (with two half-keys missing). Yet, we cannot assess the influence of the welding imperfections
presented in Figure 3-5, since the welding was not the only variable. That would require a parametric experimental
investigation with a very high number of test specimens for only one connection layout. It can also be observed

that the cracking loads had a very small variation.
9
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Table 3.2.1 - Concrete mechanical properties

fem.cupe! [MPH] fetm? [MPa] Eem? [GPa] fcm.prism4 [MPa]
73,15 3,69 33,56 55,28
CoV: 0,01 CoV: 0,15 CoV: 0,07

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 218 days
2 - average of 4 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 218 days

3 - average of 2 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 427 days

4 - average of 3 prisms compressive tests according to SR EN 12390-13; specimens age 427 days
The concrete strength class requested was C30/37

Table 3.2.2 - Joint mortar mechanical properties

fom.cube! [MPa] fem.cube 40mm? [MPa] fom® [MPa]  fetm.4omm?* [MPa] Ecm® [GPa]  femprism® [MPa]
65,55 81,21 10,63 32,07 59,91

CoV: 0,08 CoV: 0,06 CoV: 0,09 CoV: 0,03

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 194 days
2 - average of 6 compressive tests on 40mm cubes according to SR EN 196-1 ; specimens age 194 days

3 - tests not performed

4 - average of 3 flexural tensile tests on 40x40x160mm prisms according to SR EN 196-1 and converted according
to 3.23 relationship from EN 1992-1-1; specimens age 194 days

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 340
days

6 - average of 2 prisms compressive tests according to SR EN 12390-13; specimens age 340 days

Mapei Mapegrout SV is declared as repairment mortar according to EN 1504-3. It does not have a strength class
declared according to EN1992-1-1 and EN206-1. The declared compressive strength according to EN 12190 is
55MPa.

Table 3.2.3 - Steel mechanical properties

f,' [MPa] f,2[MPa] Es® [MPa] £ [%]
Insert anchors BST 500 560,3 669,0 202.141 115
Steel insert $355 362,9 505,0 225.305 15,1
Welded plate $235 326,0 4635

1 - Lower yielding strength

2 - Stress at the maximum force

3 - Young modulus (determined using digital extensometer and/or DIC)

4 - Strain at the maximum force (determined using digital extensometer and/or DIC)

500

500

400 400

300

Stress Strain DIC Method 1
Upper yielding strength
200 | — 00 e Lower vielding strength
fffff Young Modulus

300 Stress Strain DIC Method 1

Ultimate strength
200

Stress [MPa]

- = = = Ultimate deformation

100 100

Stress [MPa]

Strain [%] Strain [%)]

0

=

0 5 10 1 0 1 2 3 4 5 6 7

Figure 3-6 Experimental stress strain curve for steel insert material test specimen
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3.2.2  Experimental results

The tests were carried out after the grouting material reached 180 days of maturity (advanced age caused by Covid
restrictions). During all three tests, a similar behavior has been observed: very high initial stiffness, without
noticeable cracks up to the cracking load of 646kN (mean value of the three tests). The moment of cracking is
marked by a powerful sound, a severe increase of strains in the welded steel plates (before cracking, almost null
values were measured), radical increase in shear displacement, joint dilation, and visual appearance of the crack
(0.25-0.3 mm crack width, Figure 3-7). Cracking sounds were heard, occasionally, between the cracking load and
the failure load. The results are considered consistent. Figure 3-7 in the middle shows an interface de-bonding
crack, while the other two showed inclined cracks. The crack changed its orientation before the peak load,
becoming similar with the other two.

Figure 3-7 Crack pattern visualization after cracking load (from left to right) SA1T1: 646kN, SA1T2: 641kN, SA1T3: 650kN,
(using DIC, major strains)

At the ultimate load, the failure was marked by severe decrease in force and a very wide opening of the main crack.
The failure crack went through the grout shear keys. The inclined cracks across the joint are showing the possibility
of a strut and tie failure type. The crack pattern occurring in the grout is typical for keyed joints. The concrete
around the embedded inserts bursted, the anchor bars developed plastic hinges (in the expulsion zone) and the
welds presented partial/complete ruptures (the events were very brittle appearing to take place simultaneously,
see Figure 3-8). After attempting to further increase the load, the welding continued to rupture under a seemingly
constant load, indicating that the welded plates cannot provide a significant secondary force transfer mechanism
associated with dry connections (Figure 3-9). One can assume that the tensile yielding occurred at first in the
anchor bars (associated with the shear-lock/shear-friction mechanisms). If the welding would have failed before
the tensile yielding of the anchor bars, then bursting of concrete and plastic hinge formation in the anchor bar
should not have occurred. That should be the reason why the weaker welding (shown in Figure 3-5) did not had a
major influence. However, to ensure a favorable failure mechanism, we have to emphasize that welding of the
plates should be the strongest component of the connection and the last one to fail.

Figure 3-8 Observed specimen failure mechanisms after the peak load (from left to right) SA1T1: 1081kN; SA1T2: 1306kN;
SA1T3: 1191kN;

11
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Figure 3-9 Post-failure behavior of the connection around the welded plate (SA1T1)

For the three tests a stiffness average value of 1.6-107 kN/m/m was determined for the initial stage, typical for
monolithic connections. After the cracking load is reached, a great shear slip takes place. The post-crack stiffness
was determined as having an average value of 6.6-105 kN/m/m. This value presents a 95.5% decrease compared
to the initial stiffness and it was calculated as a secant slope between the average cracking and failure load. The
individual results are summarized in Table 3.2.4.

Due to technical issues the first test had to be stopped at 951 kN and it was repeated afterwards. This way the
behavior of a pre-cracked connection was captured and the stiffness (secant slope) has been determined at a
value of 1.5:106 kN/m/m.
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Figure 3-10 Shear force vs average shear slip along the joint height

After the peak load, DIC failed to correlate images due to the large discontinuities (also shown in Figure 3-8). As
seen there, the damage after the peak load was very severe and there was almost no residual capacity.

Figure 3-11 presents the shear displacements and joint dilation along the joint height, at different force levels. The
plots are shown only for the 2" test, since the values are quite similar.

Shear Displacement [mm] Joint dilation [mm]
-0, R 0,2 0,75 -0,55 -0,35 -0,15 0,05
50cm 50cm
40cm
30cm
20cm

10cm

-10cm
-20cm
-30cm

Joint Height

L e

-40cm
-50cm | -50cm

lLLI.I.I.I.LLLLO

B 250kN M 640,9kN 950kN 1316,2N m 250kN M 640,9kN 950kN 1316,2N

Figure 3-11 Shear displacements and joint dilation distribution along the joint height (for SA1T2)

Table 3.2.4 - SA1 test results (individual result and average result)

Ferack [kN] Fpeak [kN] Kinitial [kN/m/m] Kfinal [kN/m/m]
SA1T1 646 1081 1,6E+07 4.8E+05
SA1T2 641 646 1306 1193 15E+07 1,6E+07 83E+05 6.6E+05
SA1T3 650 1191 1,6E+07 6,6E+05
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3.3
3.31

Welded plates and shear keys (SA2)

Specimens’ presentation

These test specimens were designed in a similar way as the previous test series (SA1, see chapter 3.2.1), with
two parameters variation: different joint grout and a smaller width of the shear keys. These specimens’
particularities are described below:

35

200

160

the inserts were fixed before concreting with constructive welding at the anchors free ends;

the welded plates width was increased to accommodate the inserts position for some specimens (from
60mm to 65mm);

the shear keys dimensions (including the width) are according to the standard Strangbetong detail, yet
the recess edges were omitted. This is due to grouting difficulties using thixotropic mortar (the gap
between the wall edges was increased from 2cm, as presented in Figure 3-1, to 4.4cm, as presented in
Figure 3-12);

joint casting was done with a dry mix non-sagging mortar widely used in Finland: Weber ESL C30/37 [14].
The joint was cast in vertical position using a manual method. One side of the joint was fully molded from
the beginning, while the mold on the other side was installed progressively during the casting. Material
test results are presented in Table 3.3.1, 3.3.2 and 3.2.3.
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Figure 3-12 Configuration of SA2 specimens (dimensions in cm)
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Figure 3-14 Joint casting (left image: 1st test before grouting; right image: 1st, 2nd and 3rd test specimen after grouting)

Table 3.3.1 - Concrete mechanical properties

fom.cupe! [MPa] fetm? [MPa] Ecm® [GPa] fcm.prism4 [MPa]
81,76 3,96 38,64 57,65
CoV: 0,05 CoV: 0,17 CoV: 0,01 CoV: 0,07

1 - average of 4 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 74 days
2 - average of 8 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 74 days

3 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 75 days

4 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 75 days
The concrete strength class requested was C30/37.
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Table 3.3.2 - Joint mortar mechanical properties

fem.cuve? [MPa] fem.cube 40mm? [MPa] fom3 [MPa]  feim.somm? [MPa] Ecn® [GPa]  fomprism® [MPa]
55,18 51,33 - 5,46 29,73 48,33

CoV: 0,05 CoV: 0,12 CoV: 0,07 CoV: 0,05 CoV: 0,03

1 - average of 4 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 69 days
2 - average of 6 compressive tests on 40mm cubes according to SR EN 196-1 ; specimens age 77 days

3 - tests not performed

4 - average of 3 flexural tensile tests on 40x40x160mm prisms according to SR EN 196-1 and converted according
to 3.23 relationship from EN 1992-1-1; specimens age 77 days

5 - average of 3 elasticity modules tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 75
days

6 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 75 days

Weber ESL is a non-sagging mortar especially designed for vertical and horizontal joints of concrete elements
according to EN 1504-4. The declared Strength class is C30/37-4 according to SFS-EN 206-1 with >40MPa
according to EN 12390-3 and approximately 50MPa according to EN 12190

Table 3.2.3 - Steel mechanical properties

f,! [MPa] £.2[MPa] E< [MPa] £t %]
Insert anchors BST 500 560,3 669,0 202.141 11,5
Steel insert $355 362,9 505,0 225.305 15,1
Welded plate S235 326,0 4635

1 - Lower yielding strength

2 - Stress at the maximum force

3 - Young modulus (determined using digital extensometer and/or DIC)

4 - Strain at the maximum force (determined using digital extensometer and/or DIC)
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Figure 3-15 Experimental stress strain curve for 10mm diameter insert anchors
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3.3.2  Experimental results

The tests were carried out after the grouting material reached 50, 63, 78 days of maturity. During all three tests, a
similar behavior has been observed. The results are considered consistent. The initial stiffness was high (close to
monolithic emulative connections). In the pre-cracking stage, low indications of interface de-bonding were
observed only through DIC analysis. The moment of cracking is marked by the progressive change of the slope of
the force — shear slip graph and by the strains that started to increase at a higher rate in the welded plates. This
behavior is similar with the previous series with welded plates and shear keys (SA1). Yet, the more inferior
mechanical properties of Weber ESL grout and the decrease of the width of the shear keys has led to a more
ductile behavior.

Figure 3-16 Crack pattern visualization after cracking load (from left to right) SA2T1: 308.9kN, SA2T2: 300.6kN, SA2T3:
300.8kN, (using DIC, major strains)

Figure 3-17 Crack pattern visualization at the reaching of the peak load (from left to right) SA2T1: 689.3kN, SA2T2:
616.4kN, SA2T3: 572.6kN, (using DIC, major strains)

After the peak load, no significant yielding plateau was present; the post-peak behavior might be associated to a
softening behavior, until the welding rupture occurred. One interface presented complete key shear-off, observed
after test (Figure 3-19) and indicated by the vertical cracks showed in Figure 3-17 and Figure 3-18.

Close observations after the tests showed yielding of the anchor bars too. Each specimen had two out of four
embedded inserts slightly pulled out (Figure 3-19 and Figure 3-20). Yet the concrete surrounding the inserts did
not burst, as observed in the previous series with welded plates and shear keys (SA1 series). Note that for the
SA2T3 specimen, the welding of the anchor bar ruptured (Figure 3-20 right image).
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Figure 3-18 Test specimens after failure (from left to right) SA2T1, SA2T2, SA2T3

Figure 3-19 Test specimens interfaces after dismantling (from left to right) SA2T1, SA2T2, SA2T3

17
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Figure 3-20 Indications of embedded insert pullout (from left to right) SA2T1, SA2T2, SA2T3 (anchor welds failure)
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Figure 3-21 Left image: shear force vs average shear slip along the joint height (initial behavior zoomed in); right image:
shear displacements and joint dilation distribution along the joint height (for SA2T2)
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Figure 3-22 Shear force vs shear slip overall behavior (including post-peak behavior)

Table 3.3.4 — SA2 test results (individual result and average result)

Ferack [kN] Fpeak [kN] Kinitial [kN/m/m] Kinal [kN/m/m]
SA2T1 309 689 9,7E+06 9,0E+05
SA2T2 301 303 616 626 8,0E+06 89E+06 7,8E+05 7,4E+05
SA2T3 301 573 9,1E+06 5,3E+05
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3.4  Grouted connection with shear keys and bolts - CLock connection (SA3)
3.41 Specimens’ presentation

This connection detail is a new proposal coming from the Connection Group of Consolis Design Standardization
Project. This proposal aims to bring a more balanced connection layout, having high and reliable shear resistance
(comparable to the welded plates and shear keys connections) and in the same time, allowing a practical, fast and
economical casting process (comparable to the wire loop connections).

BOLT DIN931 (8.8) M16-130 ™ \
- Thick émm M16 Lo
DEMU-1988 washer conneclor
M16x220} [ +14mm vertical
‘ Eﬂ — tolerance ’
r \ 7
5 "\ Reaction plate:
12x50x50 S355J2 :
6.5 mm horizontal
| tolerance
/ 15
[ I i)
=
22 L | 4 12
n 40 - 420
Steel plate S355 J2
/ 6x40x120

/

120
9

24@12 BST 5008 B L=1020mm

PEREE

Figure 3-23 CLock connection detail

These test specimens were designed in a similar way as the previous welded plates test series. The welded plate
assembly is replaced with the detail presented in Figure 3-23. The specimens particularities are described below:

- the casting process was simplified, the bolts went through holes into the mold, from one panel through
the other (Figure 3-26). The bolt de-tightening and re-tightening was successfully verified before joint
casting;

- the bolt net section area was reduced (in the attempt to reduce the gross area to the net area) for strain
gauges application from 157mm2 to 115mm? (Figure 3-26, left);

- the bolts adhesion to the grout was interrupted by the strain gauges protection material;

- bolt tightening torque was not measured;
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- the wall recess designed for the bolt tightening was casted with an increased length (20cm instead of
15cm). This means a reduction of the bonding length for the CLock connector reinforcement. However,
no damage was observed as a cause of reinforcement slippage;

- joint casting was done with the same dry mix non-sagging mortar widely used in Finland: Weber ESL
C30/37 [14]. Material test results are presented in Table 3.4.1 and 3.4.2, with the Coefficient of Variation
(CoV) with log normal distribution. To be noted that the temperature was above 25°C and the material
had a much poorer workability. This probably led to higher air content into the joint. The joint surface
needed aesthetical repairment (Figure 3-27 right).
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Figure 3-24 Configuration of SA3 specimens (dimensions in cm)

Figure 3-25 Test specimens SA3 (from left to right 1st, 2nd and 3rd test specimen)
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Figure 3-27 Joint casting (left image: test specimens before joint casting; right image: 1st test specimen before joint
surface repairmen)

Table 3.4.1 - Concrete mechanical properties

fem.cupe! [MPa] fetm? [MPa] Ecm? [GPa] fcm.prism4 [MPa]
71,87 3,53 37,51 50,33
CoV: 0,03 CoV: 0,1 CoV: 0,04 CoV: 0,1

1 - average of 4 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 36 days
2 - average of 10 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 39 days

3 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 41 days

4 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 41 days
The concrete strength class requested was C30/37

Due to the early age of the specimens at testing, additional material tests were performed. Material test results
showed that the age of the material test specimens influenced the compressive strength, but did not influenced the
tensile strength.
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Table 3.4.2 - Joint mortar mechanical properties

fom.cupe! [MPa] fem.cube 40mm? [MPa] fem3 [MPa] feim 40mm* [MPa] Ecm® [GPa] fom prism® [MPa]
43,99 36,99 4,76 26,15 39,50
CoV: 0,03 CoV: 0,02 CoV: 0,13 CoV: 0,02 CoV: 0,05
49,66 43,10 4,51

CoV: 0,07 CoV: 0,11

43,69 4,63

CoV: 0,03 CoV: 0,05

1 - average of 4 and respectively 2 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 29 and
respectively 39 days

2 - average of 6 compressive tests on 40mm cubes according to SR EN 196-1; specimens age 27, 34, and respectively 41 days
4 - average of 4 flexural tensile tests on 40x40x160mm prisms according to SR EN 196-1 and converted according to 3.23
relationship from EN 1992-1-1; specimens age 27, 34 and respectively 41 days

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 39 days

6 - average of 5 prisms compressive strength according to SR EN 12390-13; specimens age 39 days

Weber ESL is a non-sagging mortar especially designed for vertical and horizontal joints of concrete elements according to EN
1504-4. The declared Strength class is C30/37-4 according to SFS-EN 206-1 with >40MPa according to EN 12390-3 and
approximately 50MPa according to EN 12190

Table 3.4.3 - Steel mechanical properties

fy! [MPa] fu? [MPa] Es® [MPa] vt [%]
Insert anchors BST 500S 530,6 682,9 202.949 11
Steel insert S355 420,9 4954 222.265 15,2

1 - Lower yielding strength

2 - Stress at the maximum force

3 - Young modulus (determined using digital extensometer and/or DIC)

4 - Strain at the maximum force (determined using digital extensometer and/or DIC)
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Figure 3-28 Experimental stress strain curve for the CLock material test specimen

Table 3.4.5 - Demu anchor - Bolt assembly, uniaxial tensile test

Fma)(1 [kN] fuz [MPa] AI3 [mm] 120

Demu anchor - bolt 1029 708.6 114 e ——
assembly - T1 _ |

£ 1
Demu anchor - bolt . % : e DeMu aln’ch$r—bo\(
assembly (section reduced 102,2 703,8 - % | sseambly=T1
to 12.1mm diameter) - T2 o :

|

1 - Maximum recorded force 2 :
2 - Stress at the maximum force calculated for the sleeve section (21mmouter 1 Flongaton frm]
diameter; 16mm inner diameter) 0 05 1 15 2 25 3 35 4

3 - Elongation measured at the maximum force, using a digital extensometer
with a gauge length of 100 mm
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3.4.2 Experimental results

The test were carried out when the grouting material reached 28, 35, 41 days of maturity. Tests exhibited similar
behavior up to the cracking load (indicated in Figure 3-36): linear behavior with slightly lower stiffness values
compared to the previous tests (SA1 and SA2). DIC strain analysis showed low de-bonding of the interface prior
to these values (Figure 3-29). After the crack progressive occurrence, the stiffness progressively decreased to a
considerably low value, until the reaching of a peak load associated to very high shear displacements (as seen in
Figure 3-37). The very low stiffness and the surface strains indicated severe damage of the shear keys (Figure
3-30), probably complete cut-off. The peak load can be associated to a friction mechanism combined with a dowel
effect of the bolts (catenary effect). The dowel mechanism can be observed after tests too (Figure 3-33).

Note that the 2" specimen bolts were poorly tightened. That caused de-bonding to start much faster, reducing the
stiffness compared to the other two tests (Figure 3-36). It is proposed to provide a tightening torque to ensure that
all the CLock pieces are in good contact, preventing premature sliding.

The 15t specimen was loaded faster than recommended, only 6 load steps were carried out until the reaching of
the cracking load.

Figure 3-29 Crack pattern visualization at the cracking load (from left to right) SA3T1: 161.1kN, SA3T2: 127kN, SA3T3:
131.4kN, (using DIC, major strains)

Figure 3-29 shows cracking on right hand side of the joint for 15t and the 3 test, while for the 2, the crack is on
the left side. In a push-off configuration, both sides of the joint are loaded equally. The keys cut-off or the interface
de-bonding usually appear on one of the two sides. This is due to non-homogeneity inherent of the concrete; one
face will be weaker and crack.

Figure 3-30 Crack pattern visualization during force stabilization, after cracking (from left to right) SA3T1, SA3T2, SA3T3
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After the cracking load, the two panels started to lose their planarity. The joint dilation measured on the front face
was 1mm higher than the one on the rear face, at the peak load. The bolts placed on the center of the wall represent
a “hinged connection” in out of plane direction. The opening used for bolt tightening creates an eccentric shear key
and so, the relative rotation of the two panels occurred in the same direction for all three specimens.

The rupture of the anchor nut caused the connection failure. Figure 3-33 shows that the whole bolt is bended due
to the dowel effect, yet the anchor nut was the lowest link in the chain for all three specimens.

Figure 3-31 Crack pattern visualization at the reaching of the peak load (from left to right) SA3T1: 213.2kN, SA3T2:
224.2kN, SA3T3: 219.7kN, (using DIC, major strains)

Figure 3-32 Test specimens after failure (from left to right) SA3T1, SA3T2, SA3T3

i

Figure 3-33 Part of the bolted steel assembly in the grouted area

24



Experimental analysis of vertical connections for precast shear walls May 2023

Figure 3-35 Observed grout quality after testing (SA3T3)
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The anchor nut failure could be expected since the net area of a M16 bolt is 157mm? and the nut sectional area is
145.2mm2. According to the technical manual, the nut exterior diameter is 21mm, the bolt nominal diameter is
16mm, meaning that the net area of the nut would be the area of the ring section with the thickness of 5mm.
However, the strength of the nut should be higher, to compensate for the smaller area and steer the failure into the
bolt. Yet, it seems that the nut strength is actually lower, inasmuch as the area of the bolt was reduced to 113mm2.
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Figure 3-36 Left image: shear force vs average shear slip along the joint height (initial behavior zoomed in); right image:
shear displacements and joint dilation distribution along the joint height (for SA3T2)
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Figure 3-37 Shear force vs shear slip overall behavior (including post-peak behavior)

CLock connection exhibited an unstable and not very consistent post-cracking behavior, so only the initial stage
must be taken into consideration for now. Itis difficult to predict how choosing the peaks of the bilinear simplification
(from Figure 3-37) will influence the shear wall assembly behavior.

Some things might be improved for this connection prototype. The anchor bolt nut should have a better strength,
to be able to utilize the full strength of the bolt. Wall recess could be formed by a pre-installed EPS, which should
be cut by an automatic machine. The wall reinforcement detailing should consider the wall recess that is needed
to install the bolt. The quality control should ensure that the bolt is properly tighten in the assembly stage (a
tightening torque should be provided). The Clock detail might use a rectangular open section to simplify the
manufacturing process and the amount of welding required.

Table 3.4.4 — SA3 test results (individual result and average result)

Ferack [kN] Fpeak [kN] Kinital [kN/m/m] Kinal [kN/m/m]
SA3T1 161 213 5,9E+06 1,4E+04
SA3T2 127 140 224 219 2,2E+06 3,9E+06 1,8E+04 1,9E+04
SA3T3 131 220 3,6E+06 2,5E+04
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3.5 Summary of the results. Comparisons with calculations

The experimental results presented in this chapter are summarized in table 3.5.1. All test specimens have a joint
height of 1.2m, a wall thickness of 200mm and a joint width of 44mm. The mortar material properties summarized
here are determined according to SR EN 196-1, on small material test specimens. This approach is considered
relevant for the considered connection layout since the width of the joint is smalll.

Table 3.5.1 Summary of test results from connections with grouted shear keys and steel assemblies

| f, % by ‘h o A Fuk oo Kot Ks
TestindeX oo (pa] [oml [om] ™ (P&l [md [N [ [KNmim] (kN
SATT1 6 646 1081 16E+07 64E+05
I saT2 812 1060 20 6 7 5603 785 641 1306 15E+07  8,3E+05
SA1T3 6,5 650 1191 16E+07  6,6E+05
SA2T1 3089 6893 97E+06 9,0E+05
S SAT2 513 546 65 6 10 5603 785 3006 6164 BOE+06 7.8EH05
SA2T3 3008 5726 91E+06  53E+05
SASTI 370 476 1611 2132 50E+06 1,4E+04
2 SAT2 431 450 65 6 8 - 226 127 2242 22406 18E+04
SAST3 437 463 1314 2197 36E+06  2,5E+04

1 - average compressive strength on 40mm mortar cubes according to SR EN 196-1

2 - average tensile strength for mortar according to SR EN 196-1 flexural tensile tests on 40x40x160mm prisms
converted according to 3.23 relationship from EN 1992-1-1

- width of the shear keys

- height of the shear keys

- number of shear keys

- yielding strength of tying steel assemblies (determined from the literature)

- area of the reinforcement of the weakest link from the tying steel assemblies

- test cracking load

9 - highest load reached in each experiment (ultimate load)

10 - secant slope of the shear load - shear displacement graph from 0 to the cracking load

11 - secant slope of the shear load - shear displacement graph from the cracking load to the ultimate load

o N Ok W

Table 3.5.2 and Table 3.5.3 shows the mean values of the three tests of each series (designed to be identical) and
the spread (in percentages) from the mean value. Here we can see that for the welded plates specimens (SA1 and
SA2) the cracking load have a small spread of values (up to 1.8%). The peak loads have a larger spread of values
(up to 10.1%). For the bolted connection, the spread was opposite (the cracking loads, up to 15.21%; the peak
loads, up to 2.66%). Large spread of values (+ 20%) is usually encountered in shear tests, e.g. [5] [9].

Table 3.5.2 - Loads: mean results and differences from the mean values

Specimen ;;Cﬁik mean difference E(p,fﬁk mean difference
SA1T1 646 0,05% 1081 -9,36%

< SAIT2 641 646 072% 1306 1193 9,50%
SA1T3 650 0,67% 1191 -0,14%
SA2T1 309 1,80% 689 10,09%

(% SA2T2 301 303 -0,93% 616 626 -1,55%
SA2T3 301 -0,87% 573 -8,54%
SA3T1 161 15,21% 213 -2,66%

g SA3T2 127 140 -9,18% 224 219 2,36%
SA3T3 131 -6,03% 220 0,30%
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Table 3.5.3 - Stiffness: mean results and differences from the mean values

Specimen EIimNm/arln m  mean difference E(ﬁ’ff/'m im mean difference
SA1T1 1,6E+07 4,43% 4,8E+05 -26,86%
(% SA1T2 1,5E+07  1,6E+07  -4,57% 8,3E+05  6,6E+05 26,12%
SA1T3 1,6E+07 0,13% 6,6E+05 -6,84%
N SA2T1 9,7E+06 8,62% 9,0E+05 22,21%
& SA2T2 8,0E+06 8,9E+06 -10,82% 78E+05  7A4E+05 525%
SA2T3 9,1E+06 2,20% 5,3E+05 -27,46%
SA3T1 5,9E+06 50,51% 1,4E+04 -25,69%
% SA3T2 2,2E+06 3,9E+06 -42,97% 1,8E+04 1,9E+04  -5,97%
SA3T3 3,6E+06 -7,55% 2,5E+04 31,66%

The spread of values is even higher in terms of stiffnesses (Table 3.5.3). We can see for the welded plate
specimens that the initial stiffness deviated up to 10.8% from the mean value of three specimens designed to be
identical. For the second stage, deviation was 27.5%. The CLock specimens (SA3) had differences in terms of
stiffness up to 50.51%.

When discussing the applicability of Linear Elastic Finite Element method for estimating the internal forces in
precast constructions, two major facts should be clarified:

- the first is how to interpret the statistical spread? Should the values be statistically decreased, so the
overall shear wall behavior will be on the safe side? If the stiffness is considered lower than in reality, the
vertical connections will be designed for a lower load and their capacity will be on the unsafe side;

- the second: Linear Elastic Finite Element Analyses are using linear elastic springs for connections. The
cracking load is the moment where the uncertainty starts. Here, deeper investigations with a Non Linear
Finite Elements Analysis (e.g. Diana FEA), might be able to provide insights and lead to recommendations
for safe stiffness values proposals to be used for simplified Linear Elastic Finite Element global analysis.

For estimating the shear capacity of the vertical joints, EN 1992-1-1 states that the longitudinal shear resistance of
grouted joints between slab or wall elements may be calculated according to chapter 6.2.5 [7]: the interface shear
resistance between concrete layers cast at different times. This is a very general approach and its range of
applicability and references are not clearly stated. The multitude of novel connection layouts, more and more
economical from the casting and labor time perspective, rises debates whether such a general approach is
universally applicable or not. The 6.25 equation from EN 1992-1-1 [7] is presented below.

Vea = (€ feta + Ontt +p fyag (Wsina + cosa)) A; = ¢ fera Ai + As fya b 1
Ve < 059 foq A;

The design relationships (1) consists of three terms that consider the cohesion between the two materials, external
normal pressure across the interface and the contribution of tying reinforcement, respectively. No external force
was applied during experiments, so 0, = 0.

The first term from eq. (1) considers the bonding of the interface, dependent on the tensile strength () and a

factor “c” for considering the interface roughness (c equals to 0.25 for very smooth interface, 0.5 for indented

interface). Paragraph (4) from chapter 6.2.5 of EN 1992-1-1 states that in cases when the joint can be significantly

cracked, factor “c” should be taken as 0 for smooth and rough joints and 0.5 for indented joints (also discussed in

section 10.9.3 (12) of [7]). As seen in the specimens’ descriptions the interface area is not fully indented, so the

interface area should be chosen according to Figure 3-38. Material test specimens showed that the tensile strength
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of the concrete was lower than the tensile strength of the grout. Yet, the failure crack crossed the grout in all
experiments, so the tensile strength of grout will be used further in calculations.

N | h <10d _ \ VEG / fd?Smm S ﬁﬁﬁﬁ NN v‘i__;?ﬁ
bI ﬂ % ‘, <30° : -\’ ‘ Vea T T

A - new concrete, - old concrete, anchorage

hetoa 45790

Figure 3-38 Example of indented interfaces from EN 1992-1-1 [7]; example of interface length [in mm] from SA1;

Air bubbles were observed in the joints casted with thixotropic mortar. Weber ESL technical manual [14], declares
an air content of 8-12%. This might also impact the calculations. Consequently, the interfaces area for the
specimens casted with thixotropic mortar (SA2 and SA3) was reduced by a factor of 0.88.

The third term of eq. (1) considers the contribution of the reinforcement area (As) to the shear resistance, by
multiplying the reinforcement ratio (p = As / Ai) with the interface roughness factor. It considers the relative angle
of the reinforcement to the interface (a). This term is backed by the shear-friction hypothesis: the shear resistance
is given by the clamping force provided by the reinforcement up to its yielding load, multiplied with a friction
coefficient [1]. The classical reinforcement is replaced with the welded steel assembly. The contribution of the
welded steel assembly is difficult to assess. The steel plate welded to the embedded insert might fail in tension
under different mechanisms: yielding of the anchor bars, welding failure, yielding of the welded plate.

During experiments, the tensile yielding of the anchor bars seemed to cause the failure of the shear-friction/shear-
lock mechanism. The calculation method for the tie force obtained from the 10 mm diameter anchor bars is
presented in Figure 3-39. The tying force (clamping force, Fie) is presented in Table 3.5.4 for the SA1 and SA2
series.

Frie = Asfy Frie

7 —l
A, f, cos(60°)

Figure 3-39 Calculation scheme for reinforcement contribution

As regards SA2, the CLock prototype was designed to direct the failure through the bolt: the CLock anchor section,
anchorage and steel plates were easy to design for the capacity of the bolt. On the other side, the embedded bolt
(anchor) needs verifications according EN 1992-4 that are difficult to satisfy for a C30/37 and a 200mm wall edge.
Even if all concrete failure verification according to EN 1992-4 are satisfied, the safety factors for bolts embedded
in concrete are higher than the ones for steel structures (from EN 1993). Axial tensile tests on the embedded
anchor-to-bolt assembly showed that the weakest link is the anchor sleeve (Table 3.4.5). For the code design
calculation — experimental comparison (Table 3.5.4), the CLock tensile capacity was taken directly from the axial
tensile tests.

Based on the descriptions presented above, the experimental peak loads are compared to the formula 6.25 from
EC2 using mean material properties.
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Table 3.5.4 Eurocode 2 (6.25) — experimental comparison, using mean material properties
fot [MPa] bi [m] Li [m] Ftie [kN] Fealc [kN] Frest [kN] Fiest / Fealc Frestmean /

Fealc
SA1T1 10,63 0,200 0,92 439,84 1373,8 1081,0 0,79
SA1T2 10,63 0,200 0,92 439,84 1373,8 1306,0 0,95 0,87
SA1T3 10,63 0,200 0,92 439,84 1373,8 1191,0 0,87
SA2T1 5,46 0,065 1,20 439,84 583,2 689,30 1,18
SA2T2 5,46 0,065 1,20 439,84 583,2 616,40 1,06 1,07
SA2T3 5,46 0,065 1,20 439,84 583,2 572,60 0,98
SA3T1 4,76 0,065 1,20 205,2 348 213,20 0,61
SA3T2 4,51 0,065 1,20 205,2 339,5 224,20 0,66 0,64
SA3T3 4,63 0,065 1,20 205,2 343,6 219,70 0,64
140
k| +20% (safe)
S e e -
1,00
-20% (unsafe)
080 —p——f- -0 — 3R — R — W = = = = == ——— -
060
0.40
0,20
0,00

Figure 3-40 Test and calculation comparison chart

Table 3.5.4 and Figure 3-40 shows the comparison between the EN1992-1-1 calculations and the test results. A
+20% deviation is usually encountered in concrete shear behavior and it is generally an acceptable spread of
values (e.g. [4]). The average ratio between the experimental load and model resistances is 0,86. However, should
be emphasized that eq. (1) does not explicitly take into account the dowel effect, that was observed after the
experiments (discussed in chapter 3.4.2). Unlike the welded plates series (SA1 and SA2), the Clock connection
(SA3) reached the peak load at relatively high shear displacements. The shear displacements of the vertical
connections should be lower than a certain limit. That limit should be chosen to make sure their bearing capacity
is utilized before the complete failure of the horizontal connections (crushing of the mortar and/or the tensile rupture
of the vertical ties).
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4 CONNECTION WITH HIGH STRENGTH WIRE LOOPS

41 Introduction

High strength wire loops pre-installed in wire boxes [15], facilitate the on-site assembly process, by replacing the
classic connections with overlapped U-bars and shear keys. This topic was previously discussed at the 14t fib
Symposium, Rome, 2022 [16]. Scientific literature provides good insight for this connection type [4], [5]. A rigid-
plastic upper bound model, calibrated with experimental results [4] is provided to estimate the ultimate shear
strength. The current design practice in Europe is dictated by EN 1992-1-1, chapter 6.2.5 [7], yet it does not provide
methods to estimate the clamping force provided by the wire loops. The clamping force might be estimated using
the rigid-plastic model; however, this approach should not be carried out if rupture of the wire ropes is decisive [4].
The failure of the wire loop was shown to be brittle, not complying with the requirements of EN 1992-1-1, Annex C
[7]. Therefore, for this connection type, it is proposed that the wire rope should be the strongest link in the
connection. Then the crushing of the mortar and the yielding of the lacer bar should provide ductility and allow
stress redistribution [4].

The stiffness topic has been addressed by several researchers (e.g. [5]), although, when compared, the results
obtained by Jargensen [4] and Biswal [5] show disagreement in terms of post-elastic shear behavior.

This section will present the results of three test series containing three different commercial connection layouts.
First two are comparing Peikko PVL80 [15] wire boxes with the much larger boxes, Pintos Okaria 80 [17], provided
with a thinner wire. The last series uses a Phillip [18] constructive rail provided with 5 pairs of wires (mainly used
to transfer small loads).
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4.2
4.21

Wire loops series 1: Peikko PVL 80 (WL1)

Specimens’ presentation

The tested connection detail was designed according to the technical specifications provided by Peikko [15] and
the description presented in chapter 3.2.1. The particularities of this series are presented below:

325

50

2000
1250

315

the lacer bar was provided with end plates (secured by screwing) in order to compensate for the lack of
anchorage length at the joint extremities;

joint casting was done with a dry mix non-sagging mortar widely used in Finland and the Baltic Countries:
Weber ESL C30/37 [14]. The joint was casted manually, in a vertical position. One side of the joint was
fully molded from the beginning, while the mold on the other side was installed progressively during the
casting. Mean material properties and their coefficient of variation with normal distribution (CoV) are
presented in Table 4.2.1 and 4.2.2;

existing horizontal cracks were observed on the joint surface before testing (<0.1mm crack width). The
existing cracks did not grow during tests and did not show a significant depth;

the wire loops are not perfectly fixed in the boxes, having the possibility of sliding in and out the box. In
case of several wire loops it was noticed that the wire overlapping was around 50mm instead of 60mm
(as described in the technical specifications [15]).
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Figure 4-1 Configuration of WL1 specimens (dimensions in mm)
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Figure 4-4 Test specimens before (left images) and after (right images) joint casting
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Table 4.2.1 - Concrete mechanical properties

fem.cube’ [MPa] fem? [MPa] Ecm® [GPa] fem.prism* [MPa]
76,20 3,74 39,46 53,23

CoV: 0,02 CoV: 0,12 CoV: 0,04 CoV: 0,15

- average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 123 days

- average of 7 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 130 days

- average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 124 days

- average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 124 days
he concrete strength class requested was C30/37.

Hs W N =

Table 4.2.2 - Joint mortar mechanical properties

fem.cupe’ [MPa] fem.cube.40mm? [MPa] fetm? [MPa] fetm.40mm* [MPa] Ecm® [GPa] fcm.prism6 [MPa]
56,73 58,86 2,34 5,09 28,86 51,78
CoV: 0,08 CoV: 0,07 CoV: 0,08 CoV: 0,08 CoV: 0,01 CoV: 0,09

1 - average of 6 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 68 days
2 - average of 12 compressive tests on 40mm cubes according to SR EN 196-1 ; specimens age 65 days

3 - average of 6 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 92 days

4 - average of 6 flexural tensile tests on 40x40x160mm prisms according to SR EN 196-1 and converted according to 3.23
relationship from EN 1992-1-1; specimens age 65 days

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 85 days

6 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 85 days

Weber ESL is a non-sagging mortar especially designed for vertical and horizontal joints of concrete elements according to EN

1504-4. The declared Strength class is C30/37-4 according to SFS-EN 206-1 with >40MPa according to EN 12390-3 and
approximately 50MPa according to EN 12190

Table 4.2.3 - Steel mechanical properties

Frax? [kN] f,' [MPa] f,2[MPa] E<® [MPa] £ %]
Lacer bar BST 5008 530,6 682,9 202.949 1,1
Peikko - PVL 80 * 46,0 8144 8144 37.626 2,55%

0 - Maximum recorded force

1 - Lower yielding strength

2 - Stress at the maximum force

3 - Secant Young modulus (determined using digital extensometer and/or DIC)

4 - Strain at the maximum force (determined using digital extensometer and/or DIC)

* Stresses in wires are determined according to the node equilibrium presented below along with the test set-up.

895

795 | = PVL80- T1
=

6% | g — = -PVL80-T3

595 |

495
395
295
195

95

Strain [m/m]

0 0,006 0,01 0,015 0,02 0,025 0,03

Figure 4-5 Experimental stress-strain curve for two PVL 80 wire loops and test set-up (preloaded by = 0.5kN to straighten
the wires)
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4.2.2  Experimental results

At the time of testing, the grouting material age ranged between 63 and 85 days. Although the three testing
specimens had identical joint set-ups and were casted in similar conditions, significant differences were measured
in terms of force - shear slip behavior, cracking load and peak load. The results are considered very inconsistent.
The force - shear slip behavior can be divided in two stages: a pre-cracking stage followed by a post-cracking
stage.

In the pre-cracking stage, very small shear-slip displacements were measured: =0.15mm for the 1st and the 3rd
test and 0.04mm for the 2nd test. This stage is completed by reaching the cracking load, which was also equal to
the peak load for the 1st and the 2nd test. After the end of this stage, LVDTs measured shear slips around 12mm
for the 15t test, 5mm for the 2" and 2mm for the 37 test (at the starting of the post-cracking stage). Figure 4-6 show
the test specimens at the end of the pre-cracking stage.

In all three tests, a descending branch in the curve can be identified, followed by a hardening branch. Only for the
3rd test, the hardening branch reached a peak load (of 161,7kN) higher than the cracking load (increased by 135%).
The relative shear displacement associated to the peak load was 16.6mm. The completion of this stage is marked
by the wires rupture for the 2™ and the 3 specimen (shown in Figure 4-7). The failure crack went through the
grout shear keys (complete key shear-off; see Figure 4-8). In the 1st test, only one wire broke and the others
remained bonded in the grout (see Figure 4-8). Air gaps surrounding the wires were observed after the test (Figure
4-8), that probably increased their elongations. This might explain why there was no increase in capacity at higher
shear displacements. The 15t test was stopped due to shear displacement limitations imposed by the configuration
of the test set-up.

Figure 4-6 Crack pattern visualization just after the cracking load (from left to right). Cracking loads for Test 1: 102.5kN,
Test 2: 147.2kN, Test 3: 68.9kN (major strains, using DIC)

Figure 4-7 Observed failure mechanisms after failure (from left to right). Peak loads for Test 1: 102.5kN, Test 2: 147.2kN,
Test 3: 161.7kN
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Figure 4-6 and Figure 4-7 shows cracking and failure of the left hand side interface of the joint for 1t and the 2nd
test. While for the 3t test, the crack is on the right side. The same explanation is given here, as in chapter 3.4.2.
The non-homogeneity inherent of the concrete will cause one interface to be weaker and crack.

1 test
Wire rupture

Air bubbles on the
mortar-wire interface

Incomplete box filling

Keys shear-off

2" test

Air bubbles on the
mortar-concrete interface
Keys shear-off

Wires rupture

3 test
Keys shear-off
Air bubbles on the
mortar-concrete interface
Wires rupture

Possible air bubbles on
wire-mortar interface

Figure 4-8 Analysis of the failed connections

In the pre-cracking stage, for the 1stand the 31 test, the stiffness can be approximated by two secant slopes: first
one with 1.5-108 kN/m/m stiffness value and the following slope is decreased by 87.8% to a value of 3-105 kN/m/m.
For the 2" specimen, the stiffness had an increase of 381.5% (to an average value of 1.3-107 kN/m/m) compared
with the other two specimens. The stiffness remained constant up to 82% of the cracking (and peak) load.

The post-cracking stage is presented in Figure 4-10. Here it can be observed that the 15t and the 2 test do not
reach a higher load than the cracking load. This behavior might be associated with the results presented by Biswal
[5], shown in Figure 4-11 (right side graph). The 3™ test reached a higher peak load in the post-cracking stage (as
discussed in previous chapter) having a stiffness decrease of 98.93% from the pre-cracking stage (post-cracked
stiffness: 4.5:10% kN/m/m). This behavior might be associated with the test results presented by Jargensen [4],
shown in Figure 4-11 (left side graph).

There is a major difference between Jorgensen and Biswal in joint casting procedure. The test specimens
presented by Jargensen were casted with a greased joint interface. The test specimens presented by Biswal were
casted with an artificially roughened interface. For the test specimens presented in this report, the interface did not
received any treatment before joint grouting (left as cast interface). Due to the small area of the shear keys, the
cohesion of the very smooth surface has a big influence on the peak loads. This topic will be debated in chapter
4.7.
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Figure 4-9 Shear force vs average shear slip along the joint height (initial behavior zoomed in)
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Figure 4-10 Shear force vs shear slip overall behavior (including post-peak behavior)
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Figure 4-11 Load vs shear slip presented by Jargensen [4] tests on PVL60 (left image) and Biswal [5] on PVL 100 (right
image)

The results presented here and in the past are raising great concerns regarding the structural use of this type of
wire loops connections. It is safer to be avoided for structural systems that require strong interaction between the

wall elements, for achieving stability or satisfying other ULS verifications (e.g. horizontal connections, wall panels
strength).

Table 4.2.4 — Load and stiffness: mean results

[Fkﬁ]“ [ka;f]k Kintal [kN/mim] Kl [KN/M/m]
WO 103 103 14E+06and 3,56405 :
S wlT 7T 147 13E407 :
WLAT3 689 162 1.8E+06and 27E+05 4 5E+03
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4.3
4.31
The tested connection was designed and casted according to the technical specifications provided by Okaria [17].

The description of the test specimens is identical to the specimens from WL1 series, presented in chapter 4.2.1.
In this case, the wires could not be completely straightened, and the overlapping has various dimensions: from 37

Wire loops series 2: Pintos Okaria WI 80 (WL2)
Specimens’ presentation

to 50mm. The wires before joint casting are presented in Figure 4-14.
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Figure 4-12 Configuration of WL2 specimens (dimensions in cm)
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Figure 4-13 Test specimens (from left to right 1st, 2nd and 3rd test specimen)
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Figure 4-14 Test specimens before joint casting (from left to right 1st, 2nd and 3rd test specimen)

Table 4.3.1 - Concrete mechanical properties

fem.cube” [M Pa] fetm? [MPa] Ecm? [GPa] fcm.prism4 [MPa]
74,85 3,52 36,86 55,14
CoV: 0,05 CoV: 0,12 CoV: 0,02 CoV: 0,06

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 73 days
2 - average of 3 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 85 days

3 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 87 days

4 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 87 days
The concrete strength class requested was C30/37.
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Table 4.3.2 - Joint mortar mechanical properties

fom cube! [MPa] fem.cube 0mm? [MPa] fem3 [MPa]  fotm40mm* [MPa] Ecm® [GPa]  femprism® [MPa]
49,24 54,73 2,36 5,48 27,36 44,03

CoV: 0,03 CoV: 0,08 CoV: 0,1 CoV: 0,11 CoV: 0,02

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 57 days

2 - average of 6 compressive tests on 40mm cubes according to SR EN 196-1 ; specimens age 75 days

3 - average of 5 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 57
days

4 - average of 6 flexural tensile tests on 40x40x160mm prisms according to SR EN 196-1 and converted according
to 3.23 relationship from EN 1992-1-1; specimens age 75 days

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 71
days

6 - average of 2 prisms compressive strength according to SR EN 12390-13; specimens age 71 days

Weber ESL is a non-sagging mortar especially designed for vertical and horizontal joints of concrete elements
according to EN 1504-4. The declared Strength class is C30/37-4 according to SFS-EN 206-1 with >40MPa
according to EN 12390-3 and approximately 50MPa according to EN 12190

Table 4.3.3 - Steel mechanical properties

Frmax [kN] '|:y1 [MPa] fu? [MPa] Ed [MPa] et [%]
Lacer bar BST 5008 530,6 682,9 202.949 11,1
Pintos Okaria W1 80 * 37,8 963,6 963,6 61.020 1,76%
0 - Maximum recorded force
1 - Lower yielding strength
2 - Stress at the maximum force
3
4

- Secant Young modulus (determined using digital extensometer and/or DIC)

- Strain at the maximum force (determined using digital extensometer and/or DIC)
* Stresses in wires are determined according to the node equilibrium presented below along with the test
set-up.
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Figure 4-15 Experimental stress-strain curve for two Pintos wire loops and test set-up (preloaded by = 0.5kN to
straighten the wires)
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4.3.2 Experimental results

At the time of testing, the grouting material age ranged between 56 and 84 days. The force - shear slip behavior
can be divided in two stages: a pre-cracking stage followed by a post-cracking stage. 1st & 3 test show a very
similar pre-cracking behavior: similar cracking load and similar stiffness. 2nd test from this series displays a much
lower cracking value (40% lower) and stiffness (80% lower). The peak loads have similar values for the 1stand the
3rd test, but the shear displacements associated to the peak loads are: 8.5mm for the 1st and 0.4mm for the 3.
The 2n specimen presents a poorer post-cracking behavior compared to the other two.

Figure 4-16 Crack pattern visualization just after the cracking load (from left to right). Cracking loads for WL2T1:
182.9kN, WL2T2: 109.1kN, WL2T3: 181.4kN (major strains, using DIC)

Figure 4-17 Observed failure mechanisms after failure (from left to right). Peak loads for Test 1: 227.7kN, Test 2: 168.2kN,
Test 3: 243kN

Major dissimilarities can be observed between the three identical specimens, in terms of failure mechanisms.
Figure 4-18 shows corner crushing of the keys and wires rupture for the 1tand the 2" specimen. The 3 specimen
was the only one that exhibited the wire anchorage failure. After closer look to the 2n specimen (Figure 4-18 in the
middle), significant air bubbles were observed in the shear keys. This might explain why the stiffness and shear
capacity were lower for this specimen.
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Figure 4-18 WL2 specimens after testing (from left to right: 1st test, 2nd test, 31 test)
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Figure 4-19 Shear force vs average shear slip along the joint height (left image: initial behavior zoomed in; right image:
including post-peak behavior)

Table 4.3.4 — WL2 test results (individual and average results)

Forack [kN] Fpeak [kN] Kinital [kN/m/m] Kinal [kN/m/m]
WL2T1 183 228 1,2E+07 4,2E+03
wL212 109 158 168 213 25E+06 8,8E+06 5,7E+03 -
WL2T3 181 243 1,2E+07 1,2E+05
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4.4  Wire loops series 3: Phillip constructive rails (WL3)
441 Specimens’ presentation

The tested connection was designed and casted according to the technical specifications provided by Philipp [18].
The test specimens are presented in Figure 4-20 and the reinforcement layout is shown in Figure 4-21. The
description of the test specimens is identical to the specimens from WL1 series, presented in chapter 4.2.1. For
this type of connector, the wires are provided with a fixing system that prevents wires from sliding and ensures a
constant overlapping length into the joint. It was not possible to straighten the wires to obtain a perfect overlapping
in the horizontal plane (see Figure 4-22). In other words, the angle between the wires and the joint surface was
not 90°.

The producer declares this connection layout as a constructive connection, not a structural one. The rail surface is
profiled, with small grooves (Figure 4-23) that are not complying to EN1992-1-1, chapter 6.2.5, conditions for rough
interfaces.
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Figure 4-20 Configuration of WL3 specimens (dimensions in cm)
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Figure 4-21 Test specimens from WL3 (from left to right 1st, 2nd and 3rd test specimen)
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Table 4.4.1 - Concrete mechanical properties

fem.cupe! [MPa] fetm? [MPa] Eem? [GPa] fcm.prism4 [MPa]
77,52 417 40,11 58,92
CoV: 0,01 CoV: 0,12

1 - average of 4 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 75 days
2 - average of 8 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 75 days

3 - average of 2 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 80 days

4 - average of 2 prisms compressive strength according to SR EN 12390-13; specimens age 80 days
The concrete strength class requested was C30/37.

Table 4.4.2 - Joint mortar mechanical properties

fom.cube! [MPa] fem.cube 40mm? [MPa] fem3 [MPa]  fotm40mm* [MPa] Ecm® [GPa]  femprism® [MPa]
54,61 53,52 2,25 4,13 31,14 47,84

CoV: 0,05 CoV: 0,09 CoVv:0,08  CoV:0,07 CoV: 0,08 CoV: 0,03

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 72 days

2 - average of 6 compressive tests on 40mm cubes according to SR EN 196-1 ; specimens age 86 days

3 - average of 6 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 72
days

4 - average of 3 flexural tensile tests on 40x40x160mm prisms according to SR EN 196-1 and converted according
to 3.23 relationship from EN 1992-1-1; specimens age 86 days

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 77
days

6 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 77 days

Weber ESL is a non-sagging mortar especially designed for vertical and horizontal joints of concrete elements
according to EN 1504-4. The declared Strength class is C30/37-4 according to SFS-EN 206-1 with >40MPa
according to EN 12390-3 and approximately 50MPa according to EN 12190

Table 4.4.3 - Steel mechanical properties

Frmax® [kN] fy! [MPa] f2[MPa] Es® [MPa] vt [%]
Lacer bar BST 5008 530,6 682,9 202.949 11,1
Phillip constructive rails * 39,5 Rupture of the anchor

- Maximum recorded force

- Lower yielding strength

- Stress at the maximum force

- Secant Young modulus (determined using digital extensometer and/or DIC)

- Strain at the maximum force (determined using digital extensometer and/or DIC)

nted below along with the test set-up.

0
1
2
3
4

Figure 4-24 Test set-up for wire loops and failure mode for Phillip constructive rails (preloaded by = 0.5kN to straighten
the wires)
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442 Experimental results

At the time of testing, the grouting material age ranged between 52 and 84 days. During all three tests, a similar
behavior has been observed. The results are considered consistent. The force - shear slip behavior can be divided
in three stages: a pre-cracking stage (Figure 4-25) followed by a post-cracking stage and a yielding plateau. This
stage delimitation was chosen as the cracking moment is marked by the progressive change of the slope of the
force — shear slip graph. The pre-cracking stage presented a pseudo-elastic behavior.

Figure 4-25 Crack pattern visualization cracking load (from left to right). Cracking loads for WL3T1: 166.4kN, WL3T2:
170.1kN, WL3T3: 171.3kN (major strains, using DIC)

The post-cracking stage displays a lower stiffness up to a first peak load (crack pattern shown in Figure 4-26). At
this point, inclined cracks are showing up at the bottom and there are indications of a horizontal crack at the top.
These are indications that the wires are becoming active. Following the first peak load, the yielding plateau shows
a softening behavior, followed by a hardening branch up to the ultimate load (shown in Figure 4-27). The ultimate
load was associated to very high displacements. In the authors’ opinion, the ultimate load is not representing an
Ultimate Limit State for this connection. The ultimate load for the connections was associated to very high shear
displacements that are most likely to occur only in the situation of a global collapse.

Figure 4-26 Crack pattern visualization at the first peak load (from left to right). First peak loads for WL3T1: 287.9kN,
WL3T2: 292.5kN, WL3T3: 239.8kN (major strains, using DIC)

The third stage completion is not marked by rupture. The deformability of the connections exceeded the test set-
up allowance (Figure 4-28) and the specimens had to be unloaded. This connection displayed a very good
behavior, due to the consistency of the results, the high capacity (compared to wire loop connections) and very
good ductility. An additional test series was planned for the Philipp Power Duo rail system. The producers present
this system as a load bearing one.
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Figure 4-27 Crack pattern visualization at the reaching of the ultimate load (from left to right) WL3T1: 300.1kN WL3T2:
312.3kN, WL3T3: 326.3kN, (using DIC, major strains)

Figure 4-28 Observed failure mechanisms after failure (exceeding the deformability limit of the test set-up)

The failure mechanisms were much more difficult to assess for this connection, since the walls remained connected
to each other. The attempts to disconnect the walls led to more damage, obscuring the damage caused by the
test. Surface observations indicate that it was a shear slip of one of the two interfaces. It is hard to assume whether
if the slip occurred inside the rail, or if the mortar remained bonded into the rail and a shear cut occurred in the
plane of the interface.
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Figure 4-29 Shear force vs average shear slip along the joint height (left image: initial behavior zoomed in; right image:
including post-peak behavior)

Table 4.4.4 — WL3 test results (individual result and average result)

Forack [kN] Fpeak [kN] Kinital [kN/m/m] Kinal [kN/m/m]
WL3T1 166 300 2,3E+06 1,4E+05
WL3T2 170 169 312 313 2,0E+06 1,9E+06 5,6E+04 8,5E+04
WL3T3 171 326 1,4E+06 5,8E+04
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4.5 Wire loops series 4: RSteel R3L-WIDE 100 (WL4)

Based on the experimental procedure described in this paper, two additional test series (WL4 and WL5) have been
conducted.

451 Specimens’ presentation

The tested connection was designed and casted according to the technical specifications provided by RSteel [19].
The wires before joint casting are presented in Figure 4-33, left. The description of the test specimens is identical
to the specimens from WL1 series, presented in chapter 4.2.1. The filling material had a poor workability. The joint
surface needed aesthetical repairment (Figure 4-33, right).
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Figure 4-30 Configuration of WL4 specimens (dimension in cm)
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Figure 4-31 Test specimens (from left to right 1st, 2nd and 3rd test specimen)
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Figure 4-32 Wire boxes before panels casting

Figure 4-33 Test specimens before (left images) and after (right images) joint castings

Table 4.5.1 - Concrete mechanical properties

fem.cupe! [MPa] fetm? [MPa] Ecm® [GPa] fcm.prism4 [MPa]
76,86 4,03 38,85 56,82
CoV: 0,05 CoV: 0,1 CoV: 0,02 CoV: 0,08

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 50 days

2 - average of 3 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 53 days
3 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 60 days
4 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 60 days
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Table 4.5.2 - Joint mortar mechanical properties

fom cube! [MPa] fem.cube 0mm? [MPa] fem3 [MPa]  fotm40mm* [MPa] Ecm® [GPa]  femprism® [MPa]
53,01 - 2,29 - 31,02 48,69

CoV: 0,07 CoV: - CoV:0,14  CoV:- CoV: 0,05 CoV: 0,07

1 - average of 3 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 52 days

2 - test results are unavailable

3 - average of 5 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 52
days

4 - test results are unavailable

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 60
days

6 - average of 2 prisms compressive strength according to SR EN 12390-13; specimens age 60 days

Table 4.5.3 - Steel mechanical properties

Frmax? [kN] fy! [MPa] fi2 [MPa] Es® [MPa] vt [%]
Lacer bar BST 5008 530,6 682,9 202.949 11,1
RSteel R3L-WIDE 100 * 41,0 725,7 725,7 49.109 1,51%
0 - Maximum recorded force
1 - Lower yielding strength
2 - Stress at the maximum force
3 - Secant Young modulus (determined using digital extensometer and/or DIC)
4 - Strain at the maximum force (determined using digital extensometer and/or DIC)

* Stresses in wires are determined according to the node equilibrium presented below along with the test
set-up.
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Figure 4-34 Experimental stress-strain curve for two RSteel wire loops and test set-up (preloaded by = 0.5kN to
straighten the wires)
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4.5.2  Experimental results

At the time of testing, the grouting material age ranged between 52 and 60 days. The force - shear slip behavior
can be divided in two stages: a pre-cracking stage followed by a post-cracking stage. Two tests show a very similar
pre-cracking behavior and similar stiffness. 1t test from this series displays a higher cracking value (around 20%).
The peak loads have similar values for the 2n and the 3 test; the shear displacements associated to the peak
loads are: 6.5 mm for the 1st; 6.80 mm for the 2 and 5.5 mm for the 3™ test.

Figure 4-35 Crack pattern visualization just after the cracking load (from left to right).

Figure 4-36 Observed failure mechanisms after failure (from left to right).

The three specimens showed the same failure mechanism, diagonal cracks were observed for each specimen.
The walls remained connected to each other; the joint deformability exceeded the test set-up allowance.
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Figure 4-37 hear force vs average shear slip along the joint height (initial behavior zoomed in, left; overall behavior,
right

Table 4.5.4 — WL4 test results (individual result and average result)

Frack [kN] Fpeak [kN] Kinital [kN/m/m] Kinal [kN/m/m]
WL4T1 108 243 2,0E+06 1,6E+04
WL4T2 839 92 208 223 4,7E+05 9,7E+05 1,6E+04 1,7E+04
WL4AT3 85,2 218 4 1E+05 2,0E+04
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4.6  Wire loops series 4: Philipp Power Duo Rails (WL5)
4.6.1 Specimens’ presentation

This connection layout was chosen for testing due to the very promising results presented in chapter 4.4, provided
by the non-structural rail (WL3 test series).

The tested connection was designed and casted according to the technical specifications provided by Philipp
Group [20]. The wires before joint casting are presented in Figure 4-40. For this type of connector, the wires are
provided with a fixing system that prevents wires sliding and ensures a constant overlapping length into the joint.
The description of the test specimens is identical to the specimens from WL1 series, presented in chapter 4.2.1.
The filling material had a poor workability. The joint surface needed aesthetical repairment.

The structural rail can be described as a recessed joint with shear keys. Until now, all the test specimens were
designed as plain joints with shear keys. A recessed joint was previously avoided due to the grouting difficulties
posed by using the thixotropic mortar and non-mechanized joint casting. Yet, for WL5 the recess edges could not
be omitted, since the recess is inherent to the Phillip structural rail manufacturer’ design.

The distance between the concrete wall elements prescribed by the technical manual is between 15-40mm. The
test specimens were designed with the maximum of 40mm. Yet, due to the configuration of the test specimens (no
access from above), the 12mm lacer bar could not be introduced. A pre-stressing tendon with =12mm diameter (6
intertwined wires of 4.1mm diameter) replaced the lacer bar.
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Figure 4-38 Configuration of WL5 specimens (dimensions in cm)
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Figure 4-40 Test specimens before joint casting
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Table 4.6.1 - Concrete mechanical properties

fem.cupe! [MPa] fetm? [MPa] Eem? [GPa] fcm.prism4 [MPa]
74,90 3,55 37,09 54,20
CoV: 0,02 CoV: 0,12 CoV: 0,03 CoV: 0,04

1 - average of 5 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 53 days

2 - average of 10 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 61 days
3 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 50 days
4 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 50 days

Table 4.6.2 - Joint mortar mechanical properties

fem.cuve? [MPa] fem.cube 40mm? [MPa] fem3 [MPa]  foim.40mm* [MPa] Ecm® [GPa]  femprism® [MPa]
55,44 - 2,16 - 30,55 44,22

CoV: 0,05 CoV: - CoV:0,12  CoV:- CoV: 0,02 CoV: 0,08

1 - average of 5 compressive tests according to SR EN 12390-3 on 150mm cubes; specimens age 52 days

2 - test results are unavailable

3 - average of 6 tensile splitting tests using SR EN 12390-6 multiplied with a factor of 0,9 [7]; specimens age 60
days

4 — test results are unavailable

5 - average of 3 elasticity modulus tests using SR EN 12390-13 on 100x100x300mm prisms; specimens age 49
days

6 - average of 3 prisms compressive strength according to SR EN 12390-13; specimens age 49 days

Table 4.6.3 - Steel mechanical properties
Frax® [kN] fy! [MPa] f? [MPa] Es® [MPa] vt [%)]
Lacer bar BST 500S 530,6 682,9 202.949 11,1
Philip Power Duo System 55,7
0 - Maximum recorded force
1 - Lower yielding strength
2 - Stress at the maximum force
3 - Secant Young modulus (determined using digital extensometer and/or DIC)
4 - Strain at the maximum force (determined using digital extensometer and/or DIC)

Figure 4-41 Wire loops after testing (preloaded by = 0.5kN to straighten the wires)
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4.6.2 Experimental results

The tests were carried out after the grouting material reached 48, 55, 61 days of maturity. The test results showed
inconsistencies between the three tests designed to be identical. The 1st specimen had a significantly higher
stiffness and cracking load. The cracking load was equal to the peak load. A residual strength was provided and
the deformability of the connections exceeded the test set-up allowance.

Figure 4-42 Crack pattern visualization at the reaching of the peak load (from left to right).

Figure 4-43 Observed failure mechanisms after failure (from left to right). Peak loads for Test 1: 178.8 kN; Test 2: 124.7
kN; Test 3: 102.2 kN

Although the non-structural Philipp rail proved very good load capacity and ductility during testing, the Philip Power
Duo System was quite the opposite: the cracking loads were inconsistent and no post-cracking capacity was
provided (only a residual). Yet, it should be taken into account that this test specimen had significant casting
deviations from the technical manual and from the previous wire loop series:

- The lacer bar was replaced with a pre-stressing strand;

- Due to the small gap between the walls, the mortar poorly filled the deep recess provided by the Phillip
Power Duo System, so the shear keys from one side of the connection were barely active. During all three
tests slippage occurred into the deep recess (also observed through DIC in Figure 4-43).

Both deviations are caused by the small space between the walls. In site normal conditions, the lacer bar can be
easily introduced from above. The joint filling on site is usually done with a mechanical pump. However, if not
carefully used, the mechanical pump might provide similar filling quality as the one manually obtained in this test
series.
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Table 4.6.4 — WL5 test results (individual result and average result)

Forack [kN] Fpeak [kN] Kinital [kN/m/m] Kinal [kN/m/m]
WL5T1 179 179 2,1E+06 -
WLsT2 125 135 1256 135 3,8E+05 1,2E+06 - -
WL5T3 102 102 1,2E+06 -

Due to the above-mentioned reasons, the test results obtained from this series will not be taken into account in
further analysis and they are not considered conclusive.
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Figure 4-44 Shear force vs average shear slip along the joint height (initial behavior zoomed in

200

180

160 | WL5T1
1 WL5T2

140 : WL5T3
— = = = Bilinear simplification
:: 120
QL
£ 100
(o]
w
@ 80
g_)
3]

60

40

20

Shear displacements [mm]
ol

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Figure 4-45 Shear force vs shear slip overall behavior (including post-peak behavior)
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4.7  Summarized wire loops test results (with the supplementary test series)

All test specimens have a joint height of 1.25m, a wall thickness of 200mm. The mortar material properties
summarized here are determined according to SR EN 12390, on large material test specimens. This method is
specified for concrete material properties determination, yet it is considered to provide relevant results for this
connection layout since the width of the joint is equal to the material test specimens.

Table 4.7.1 Summary of test results from connections with grouted shear keys and steel
assemblies

1fc th 3bkey 4hkey

Test index MPa] [MPa] [om] [cm] Sy

6F wire [kN] As [mmz]

WL1T1

WL1T2 56,70 2,34 365 16 3 46 3 x 6mm wires
WL1T3

WL2T1

WL2T2 4920 236 65 232 3 37,8 3 x 5mm wires
WL2T3

WL3T1

WL3T2 5461 2,25 5 125 1 39,5 5 x 6mm wires
WL3T3

WL4T1

WL4T2 5301 2,29 8 22 3 41
WLAT3

WL5T1

WL5T2 5544 216 48 125 1 55,7 5 x 6 mm wires
WL5T3

- average compressive strength on 150mm cubes according to SR EN 12390-3

- average tensile strength according to SR EN 12390-6 splitting tests

WLA1

WL2

WL3

2x6mm+1x5
mm wires

wL4

WL5

1

2

3 - width of the shear keys

4 - height of the shear keys

5 - number of shear keys

6

7
*D

- Maximum recorded force during wire tensile testing
- Reinforcement area
ue to the reasons presented in chapter 4.6.2, the test results obtained from WL5 are not considered conclusive.

Table 4.7.2 and Table 4.7.3 shows the mean values of the three tests of each series (designed to be identical) and
the spread (in percentages) from the mean value. The wire loop tests batch needs to be discussed in terms of
which connection layout provides the most consistent results. It is clear that the Phillip constructive Rail system
(WL3) had the most consistent results. The Pintos wire boxes (WL2) series consisted in two test specimens that
provided similar results. Unfortunately, the 2" test of Pintos series (WL2T2) provided with much lower values in
terms of cracking load, peak load and stiffness. It was observed in 4.3.2 that significant air bubbles were present
in the shear keys of the 2" specimen, having a dramatic impact on its behavior. This underlines the sensitivity at
casting of the wire loop connection. The Peikko PVL 80 series (WL1) showed the most inconsistent results, in all
the phenomena analyzed: cracking load, peak load and stiffnesses.
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Table 4.7.2- Loads: mean results and differences from the mean values

pecimen mean irerence mean ierence

Specimen di e di
WL1T1 103 -3,48% 103 -25,26%

g WLAT2 147 106 38,61% 147 137 7,34%
WL1T3 68,9 -35,12% 162 17,91%
WL2T1 183 15,92% 228 6,92%

N

s WL2T2 109 158 -30,89% 168 213 -21,02%
WL2T3 181 14,97% 243 14,10%
WL3T1 166 -1,69% 300 -4,09%

™

s WL3T2 170 169  0,49% 312 313 -0,19%
WL3T3 171 1,20% 326 4,28%
WLATY 108 16,61% 243 9,08%

<

s WL4T2 839 92 -9,02% 208 223 -6,85%
WLAT3 85,2 -7,60% 218 -2,23%

If we are to compare WL1 with WL2 (Peikko PVL 80 vs Pintos Okaria 80), all the parameters of the connection
layout are similar with the exception of the wire diameter and the boxes dimensions (6mm for Peikko and 5Smm for
Pintos and respectively, Pintos shear keys have a 2.55 higher area than Peikko). Pintos specimens (WL2) had a
1.49 times higher average cracking load. Philipp rails (WL3) have no shear keys, only the channel surface, provided
with small grooves (not complying with EN1992-1-1, chapter 6.2.5, as a rough interface). The exact failure
mechanism was not assessed (whether the slip occurred inside the rail, or the shear cut occurred in the plane of
the interface, as discussed In 4.4.2), yet, it seems that the rail channel might be assimilated with a large shear key
(with 1.38 times bigger area than the shear keys of WL2). The average cracking load obtained for WL3 was only
1.07 times higher than Pintos’. Philipp rail had more wires (5 pieces); however, it is considered that the wires
become fully active only after the 1t peak load, following the descending branch, observed in Figure 4-29. The
wires contribution might be observed comparing the peak loads (Philipp rail, SA3 average peak load was 1.47
times higher than Pintos’, WL2). However, it is not clear why the peak load of Peikko PVL 80 was not higher than
Pintos’, since Peikko’ wires had 6mm in diameter instead of Pintos’ 5mm (WL2 had an average peak load 1.55
times higher than WL1, Peikko’). RSteel R3L-WIDE (WL4) had a similar indented area compared to Pintos, WL2,
only 0.89 times lower. However, the average cracking load of WL4 was 0.58 times smaller than WL2. The cracking
loads measured in WL4 series are comparable only with the test results obtained in WL2T2 test.

Table 4.7.3- Stiffness: mean results and differences from the mean values

Specimen  Kinitial [KN/m/m] mean difference E(ﬁ':ﬁlm I mean difference
WL1T1 1,4E+06 and 3,5E+05 - -
= WUT2  13E+07 - . .
WL1T3 1,8E+06 and 2,7E+05 - 4 5E+03 -
~ WL2T1 1,2E+07 34,46% 4,2E+03 -90,45%
s WL2T2 2,5E+06 8,8E+06  -71,36% 57E+03  44E+04  .86,95%
WL2T3 1,2E+07 36,90% 1,2E+05 177,40%
WL3T1 2,3E+06 21,52% 1,4E+05 64,79%
g WL3T2 2,0E+06 19E+06  5,63% 56E+04  85E+04  -33,47%
WL3T3 1,4E+06 -27,16% 5,8E+04 -31,31%
- WL4T1 2,0E+06 108,61%  1,6E+04 -7,34%
s WL4T2 4,7E+05 9,7E+05  -51,05% 16E+04  1,7E+04  -907%
WL4T3 41E+05 -57,56% 2,0E+04 16,41%

When discussing the applicability of Linear Elastic Finite Element Analysis for estimating the internal forces in
precast constructions, an additional fact should be clarified (on top of the discussions in chapter 3.5). Have the
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peak loads associated to very high shear displacements any use for the overall structural system resistance? Can
shear walls accommodate so high deformations so the vertical connections would reach their peak loads? Either
way, even smaller shear slips that are associated to the post-cracking behavior observed in tests (observed in
reference [4] too), will jeopardize the functionality of the building.

Wire loops connections test results are compared with the same calculation approach as described in chapter 3.5.
Yet, there are some particularities to be discussed for these connections’ layouts.

The approach given by EN 1992-1-1 (shown in chapter 3.5, eq. (1)) is highly dependent on the tensile strength of
the mortar. Usually, the mechanical properties of the mortar are determined using SR EN 196-1, on small probes:
40x40x160mm prisms, tested in three-point bending configuration. In this research, the mortar was additionally
tested according to SR EN 12390 (part 5 and 6), on larger probes: 100x100x550mm prisms subjected to four-point
bending test. The remaining undamaged ends of the same specimen were subjected to tensile splitting tests. The
results were converted to uniaxial tensile strength (fm) according to EN 1992-1-1. It was noticed that the results
obtained from the larger prisms were much lower than the results obtained on the small prisms. Further, it was
presumed that the tests on larger prisms provide more realistic results, since the joint width is 100mm. Air bubbles
were observed in the joints casted with thixotropic mortar. As previously discussed, the Weber ESL technical
manual [13], declares an air content of 8-12%. Consequently, the interfaces area for the specimens casted with
thixotropic mortar was reduced by a factor of 0.88.

Note that the Philipp rail surface is not indented, nor rough. In calculations the bonding factor will be taken as
smooth, ¢ =0.35.

Fie, the clamping force provided by the wire loops, can be calculated with the model proposed by Jgrgensen, which
imposes a failure mechanism of concrete crushing between the wire loops [4]. As seen in chapter 4.2 and 4.3 (wire
boxes tests), four out of six test specimens failed through wire rupture. One specimen (WL1T1) had excessive
deformations and only one specimen (WL2T3) had a failure mechanism of concrete crushing between the wire
loops. Therefore, the rigid plastic modeling proposed by Jargensen will not be carried out. The tensile tests
performed on wire loops (presented in table 4.2.3, 4.3.3, 4.5.3) showed a very low elasticity modulus and a brittle
failure. The present test results are in agreement with the wire tests results presented by Jargensen (Figure 4-46).
If elasticity modulus is low, then the forces in the wires at small displacements are consequently low. The failure
of the wire is brittle, not complying with the requirements of EN 1992-1-1, Annex C [7]. Consequently, the clamping
force contribution should be completely neglected (Fie = 0), when calculating the shear resistance according to EN
1992-1-1, chapter 6.2.5. Therefore, the calculation results are compared with the cracking loads.

0] Wire B
0 5 10 15
Figure 4-46 Wire tests presented by Jorgensen [4]

Based on the descriptions presented above and in chapter 3.5, the experimental cracking loads are compared to
the formula 6.25 from EC2 using mean material properties.
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Table 4.7.4 Peak loads after Eurocode 2 (6.25), using mean material properties, compared with
experimental peak loads

Specimens  fu[MPa]  biey[Mm]  Li[m]  Feac [kN]  Fiest [KN]  Frest/ Foac Festmean /

Foalc
WL1T1 2,35 0037 1,25 47,2 102,50 2,17 2,25
WL1T2 2,35 0037 1,25 47,2 147,20 3,12
WL1T3 2,35 0037 1,25 47,2 68,90 1,46
WL2T1 2,36 0065 1,25 84,4 182,90 2,17
WL2T2 2,36 0,065 1,25 84.4 109,05 1,29 1,87
WL2T3 2,36 0065 1,25 84,4 181,40 2,15
WL3T1 2,25 0050 125 433 166,40 3,84
WL3T2 2,25 0050 1,25 433 170,10 3,93 391
WL3T3 2,25 0050 125 433 171,30 3,95
WL4T1 2,29 0061 1,25 76,8 107,52 1,40
WLAT2 2,29 0,061 125 76,8 83,89 1,09 1,20
WLAT3 2,29 0,061 125 76,8 85,20 1,11
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Figure 4-47 Experimental - Eurocode 2 calculation model resistance ratio

We can see that the resistance provided by calculations according to Eurocode 2 is very conservatory compared
with test results, using the mean material properties from tests. The average ratio of model resistance and
experimental resistance is 2.31. Only WL4 test results were close to the calculated values, and eventually the
individual test results of WL2T2 or WL1T3 specimens. Using this approach, only the width of the shear keys is
taken into account (previously discussed in chapter 3.5, reference to Figure 3-38). If the smooth area is considered,
much higher results are provided. The following relationship is assuming the possibility of superimposing the effects
of the very smooth interface resistance and the indented interface resistance:

VR.test = Cind fctm Aind + Cys fctm Avs + Ftie Uina Aind/Ai + Ftie Uys Avs/Ai (2)

where:

¢ and y are factors which depend on the roughness of the interface; cing = 0.5 (for indented interface); cvs
= (.25 (for very smooth interface); Wina = 0.9 (for indented interface); pvs = 0.5 (for very smooth interface);
fam — mean tensile strength from determined from material testing;
Fie — the clamping force estimated with different methods for various connectors;
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- A — area of the shear keys, complying to Figure 6.9 from [7], calculated as follows: Aing = N-hkeybrey;

- A — surface casted against specially prepared wooden molds: Ays = A; - Aing;

- A -is the total area of the joint: Ai = buanLjoint.

- Fie - is the axial tensile capacity of the connection reinforcement (for SA series is calculated according to
discussions surrounding Figure 3-39 and for WL series is neglected).

All the tests are compared with the adapted relationship (2) and presented below.

Table 4.7.5 Relationship deviated from Eurocode 2, using mean material properties, compared with
experimental results

Ftest
. fot bjoint bkey hkey Ljoint Fie Fealc Frest Ftestmean
PEAMEN pel ml [ ™ KN KN KN R

SA1T1 10,63 020 0200 0060 600 120 4398 11018 10810 g8
SA1T2 10,63 020 0200 0060 7,00 120 4398 11425 13060 414 106
SA1T3 1063 020 0200 0060 650 120 4398 11222 11910 g
SA2T1 546 020 0065 0060 1000 120 4398 5836 6893 118
SA2T2 546 020 0,065 0060 1000 120 4398 5836 6164 405 1,07
SA2T3 546 020 0,065 0060 1000 120 4398 5836 5726 (g8
SA3T1 476 020 0065 0060 800 120 2052 3973 2132 (54
SA3T2 451 020 0065 0060 800 120 2052 3824 2242 (59 056
SA3T3 463 020 0065 0060 800 120 2052 3895 2197 (58
WL1T1 235 020 0037 0160 300 125 0,0 1383 1025 (74
WL1T2 235 020 0037 0160 300 125 0,0 1383 1472 105 077
WL1T3 235 020 0037 0160 300 125 0,0 138,3 68,9 0,50
WL2T1 236 020 0085 0232 300 125 00 1533 1829 119
WL2T2 236 020 0065 0232 300 125 0,0 1533 1091 71 103
WL2T3 236 020 0065 0232 300 125 0,0 1533 1814 118
WL3T1 225 020 0050 1250 1,00 125 0,0 1361 1664 122
WL3T2 225 020 0050 1250 1,00 125 0,0 1361 1701 125 1,24
WL3T3 225 020 0050 1250 1,00 125 0,0 1361 1713 126
wLaTt 229 020 0061 0220 300 125 00 1462 1075 (74
WL4T2 229 020 0061 0220 300 125 0,0 146,2 839 (57 063
WL4T3 229 020 0061 0220 300 125 0,0 146,2 852 (58
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Figure 4-48 Experimental - calculation model resistance ratio

Table 4.7.5 and Figure 4-48 shows the comparison between eq. (2) and the test results. A £20% deviation is
usually encountered in concrete shear behavior and it is generally an acceptable spread of values (e.g. [4]). The
welded plates specimens (SA1 and SA2) as well as the wire rails (WL3) are in a good agreement with this equation.
Wire boxes series (WL1 and WL2) had a very wide spread of results, so they are very problematic in comparison
with numerical models. The bolted connection (SA3) showed a very low ratio of test results per calculation results.
This is an indication that the calculations are not capturing with good accuracy the phenomena that is taking place
in the bolted connection during shear loading. The additional test series (WL4) had a poor comparison with this
calculation interpretation.

FIB Model Code 2010 [21] proposes a different approach in calculating the shear at the interface between concrete
cast at different times. Based on the same principles as the equation (1) from EN 1992-1-1 chapter 6.2.5, two
calculation approaches are presented: one for interface without reinforcement and another for interfaces
intersected by dowels or reinforcement.

In the comments section it is stated that if special measurements are taken to ensure that the surface is clean and
degreased, the adhesive bond might be taken into account as shear resistance, without superimposing the effects
of the reinforcement crossing the interface (eq. (3)). Itis easy to observe that this equation is identical with eq. (1),
removing the term that takes into account the reinforcement. This is a major difference from EN 1992-1-1 and it
seems to be in a better agreement with the physical phenomenon. At the peak load, most of the specimens were
cracked and the contribution of the grout was brought by the shear-lock/shear-friction mechanism; not the
adhesion. Moreover, it is stated that the adhesion coefficients (cs) can depend on a variety of influencing
parameters (testing method/test set-up, surface treatment, etc.). Consequently, in Model Code 2010, a very
conservative value is given for the adhesion coefficient for very smooth areas (c.=0.025, ten times lower than in
EN 1992-1-1). For the indented areas, the same values are given (c,=0.5) as in EN 1992-1-1.

Vra = (Cq feta + 0n 1) A; = Cq fera Ai )
Vea <059 foq 4;

For the interfaces intersected by dowels or reinforcement, Model Code 2010 recommends a different equation:

1
Vra = (Cr fea3 +onu+ky pfyd (usina + cosa) + k, p /fyd fcd) A;
1 4)
=¢r fa3 Ai + kA fyd#"‘ ky Ag ’fyd fea
VRd S.81319fcd Ai
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The 15t term of the equation (4) uses a factor (c: = 0.2 for very rough/indented interfaces) that takes in account
aggregate interlock effects at rough interfaces. For very smooth and smooth interfaces, this factor is 0. The tensile
strength of the concrete or grout is now replaced with fi'3. This is another difference, since the tensile strength
can be expressed as a function of the compressive strength as 0.3 fu2? [7].

The second term of eq. (4) takes into account the contribution of the shear friction mechanism. In addition to eq.
(1) and (2), in this formulation, the reinforcement is subjected to tensile and shear forces combined (dowel action).
Consequently, the axial strength is reduced by an interaction coefficient for tensile force that is activated in the
reinforcement or the dowels (k1 = 0.5, for rough/indented interfaces).

The dowel resistance is taken into account in the 314 term and is reduced by an interaction coefficient for flexural
resistance (k2 = 0.9, for rough/indented interfaces).

Finally, shear stress is limited not to exceed a certain fraction of the compressive strength, with a coefficient taking
into account the strength of the compression strut (B = 0.5, for rough/indented interfaces).

Equation (3) from Model Code 2010 could be used for the wire loops connections, since the wire loop does not
have any bending stiffness and the axial stiffness is too low. Model Code 2010 does not state whether the
resistance of the very smooth surfaces and the resistance of the indented surface can be superimposed. Anyway,
even though the cleanness of the surface is ensured on site, using an adhesion coefficient of 0.025 instead of 0.25
will not provide a significant additional resistance.

Equation (4) from Model Code 2010 compared with test results is showing large underestimation of the peak load.
The errors are not uniform. For SA1, the formula underestimates the capacity by a factor of 2.5. For the bolted
connections (SA3), the calculations are underestimating only by a factor of 1,11. This is an indication that the
method is not capturing with accuracy all the factors on which the resistance is depending.

Table 4.7.6 Relationship from MC2010, using mean material properties, compared with experimental peak
loads

Specimens  f.[MPa]  bi[m]  Lim] FielkN] Feac[kN]  Fiest[kKN]  Feest/ Feac Festmean /

Fcalc
SA1T1 53,81 0,200 092 439,80 482,6 1081,0 2,24
SA1T2 53,81 0200 0,92 439,80 482,6 1306,0 2,71 2,47
SA1T3 53,81 0200 0,92 439,80 482,6 1191,0 2,47
SA2T1 45,15 0,065 1,20 439,80 3889 689,30 1,77
SA2T2 45,15 0,065 1,20 439,80 388,9 616,40 1,59 1,61
SA2T3 45,15 0,065 1,20 439,80 388,9 572,60 1,47
SA3T1 34,21 0,065 1,20  205,2 193,9 213,20 1,10
SA3T2 39,73 0,065 1,20 205,2 199,6 224,20 1,12 1,1
SA3T3 39,73 0,065 1,20 205,2 199,6 219,70 1,10
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Figure 4-49 Model Code 2010 compared with test results
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5 CONCLUSIONS

5.1 Discussions and conclusion

This report presented the output of eighteen push-off shear tests performed on six different connection layouts,
widely used for vertical connections between precast wall panels in shear wall assemblies. All connection layouts
are using mortar for shear force transfer. Three connections layouts are based on steel assemblies for generating
the clamping force. The other three are relying on high strength wire ropes. Three specimens designed to be
identical were tested for each connection layout. Six additional push-of tests on two wire loops connection layout
were attached to this report.

The welded plates connections showed consistent results. These connections cracked at around 50% of their
maximum load capacity. The cracking moment marked a change in behavior, the connections becoming more
flexible therefore, there is two-stage behavior: pre-cracking (or initial) stage and post-cracking (or final/plastic)
behavior. The failure was very brittle at the reaching of the peak load.

The bolted connection is a prototype meant to be a more balanced connection layout, having high and reliable
shear resistance (comparable to the welded plates and shear keys connections) and in the same time, allowing a
practical, fast and economical casting process (comparable to the wire loop connections). The shear capacity was
lower than expected (overestimated by Eurocode 2). Yet, the results were consistent, showing good ductility, even
though the grouting quality was not the best.

Wire loop boxes showed a brittle failure and their capacity showed a very wide spread of values. The wires seemed
to become active in transmitting the force, only at high shear displacements. This connection type was proven very
sensitive to joint grouting and it seems that is not reliable to be used for complex structural systems. Philipp
constructive rail is the only loop connection type that provided consistent results.

In the additional test series, it was observed that a larger number of wire loops increases the connection ductility,
providing a more favorable post-cracking behavior. Unfortunately, due to joint casting difficulties caused by the
geometry of the Philipp structural rail system, the test results are considered unreliable, and they were neglected.

The tested connections were compared with the design method provided by EN 1992-1-1 and the design proposal
presented in Model Code 2010. All the comparisons are performed with mean values for joint material mechanical
properties determined through laboratory testing. EN 1992-1-1 calculations compared with test results from
specimens using steel assemblies had an average ratio between the experimental load and code resistances of
0,86. For the wire loops specimens the average ratio was 2.31. A deceiving good average ratio of 0,91
(experimental load per model resistance) was obtained with an interpretation of the EN1992-1-1 method. This
method assumes that the resistance provided by the very smooth interfaces, the resistance of the shear keys and
the resistance of the steel connectors could be superimposed. Yet, test observation showed different stages of
degradation and cracking, not a perfect rigid bond-slip behavior. Model Code 2010 recommends different
formulation for the interfaces provided with reinforcement for increasing the shear resistance, characterized by a
rather non-rigid bond-slip behavior. The pre-normative calculation proposal seems to have more physical meaning
than the current approach from EN 1992-1-1, yet the test results compared with this model resistances seem to
be over-conservative. An average experimental / model resistance ratio of 1,73 is found. When comparing a
specific connection layout with the model resistance, for all the presented calculation models, the errors were not
uniform. This means that a general calculation model cannot be applied for all connection layouts. Probably the
calculation should be adjusted for the specific connection layout.

The purpose of this experimental program was not to provide a calculation model for the shear resistance. Besides
the comparisons with existing resistance models, the aim was to assess the shear stiffness of the joints. The
stiffness of all the tested connections has been exceeding by far the initial supposition (5-10* kN/m/m). Secant
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stiffness values are provided for all tested connections (individual values and average of three tests). The secant
stiffness had one-stage, two-stage and occasionally three intervals. The assessment of stiffness values to be used
for design using Linear Elastic Finite Element global analysis is not concluded, due to the non-linearity of the
connections’ behavior. The spread of stiffness values is another challenging factor in proposing stiffness values
for design. If lower stiffness values are used in the global analysis, the overall shear wall behavior should be on
the safe side, yet the stiffness of the connections is decisive in predicting how the connections will behave. A
misprediction of the shear forces in the vertical connections might lead to their brittle failure and overloading of
different structural elements/connections.

5.2  Further research

The test results presented here will be used to calibrate the numerical simulations. As stated by Model Code 2010,
this is another way of checking structural performance and is an alternative to physical testing in a laboratory.
However, numerical nonlinear models are inherently complex and notoriously difficult to apply with confidence.
The best way is to validate the numerical simulations with experiments and sensitivity studies. Model Code 2010
propose a series of safety formats for non-linear analysis applications. Parametric analysis using validated solution
strategies should contribute to the identification of the critical parameters.

The final goal of this research project is to improve the design strategies for precast concrete shear walls based
on Linear Elastic Finite Element global analysis. To achieve this, the nonlinear numerical simulations on multistory
precast shear walls can be used to validate the design strategies.
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