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Abstract

:

After an earthquake struck Chile in 1985, sliding shear failure was observed in the clamping zone of stabilising walls. Even houses with only four storeys can fail due to sliding shear below basement ceilings. This type of failure has received little attention in the past; however, it leads to premature failure of the clamping effect in the basement box. Bending deformations cannot fully develop, which significantly reduces the seismic safety; it is thus important to learn more about the sliding shear failure of basement-clamped shear walls. The overall behaviour is analysed based on three large-scale shear wall tests. The deformation states around the sliding shear zone are evaluated and a simple estimate is given of when sliding shear failure can occur.
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1. Introduction


For buildings of medium height (three to eight storeys), shear walls are often used to stabilise against earthquakes. Often, these walls are clamped into the rigid basement box to transfer the horizontal loads into the basement and afterwards into the underground. The walls consist of two parts, a cantilevered part and a clamped part. Often, the cantilevered part is rather slender, and the clamped part is rather squat. Several experiments on more slender cantilever shear walls are available in the literature [1,2,3,4,5,6,7,8,9,10]. Other experiments focus on squat cantilever walls [11,12,13,14,15]: Synge [12], Pauley et al. [13] and Luna et al. [14], where Synge investigated a wall with an aspect ratio of hw/lw = 0.57 (Wall 1) and Luna et al. a wall with 0.54 (SW 8). Both walls failed under sliding shear. Salonikios et al. [15] investigated walls (LSW 2 and LSW 3) with an aspect ratio of hw/lw = 1. Their walls did not slide and failed due to flexure. However, the wall with an additional axial force (LSW 3) lies in the vicinity of a sliding shear failure, as Schuler and Trost [16,17] showed. They analysed the effect of the amounts of concrete and steel on the siding shear resistance with a mechanically-based approach. Schuler and Trost postulated that most of the resistance (over 80% of their studied walls) occurs in the compression zone. Sliding shear resistance, together with the flexural resistance, is plotted over the curvature in the sliding zone, which makes the interaction between sliding shear and flexure visible.



Shear walls clamped into the basement are not found in the literature. A test set-up was developed to analyse such walls, which consist of both a cantilevered part and a clamped part. In a separate publication [18], the walls are analysed due to flexure and interaction with shear (tension shift effect). Figure 1, on the right, shows—schematically—an example building. The basement wall must transfer the bending moment within a short distance into the basement box, resulting in a high shear force in the basement wall. At the construction joint below the basement ceiling, both the shear force and the bending moment are high. From flexure, a crack opens in the range where the steel yields and afterwards, under reverse loading, the crack closes again; however, not completely. This reduces the aggregate interlock resistance of the concrete decisively, which makes up the main part of the sliding shear resistance [16,17]. The steel’s dowel action resistance in the tension zone plays only a minor role. The steel is already in the plastic range due to flexure and has no further resistance capacity. In three large-scale tests with a scale of 1:1.5 compared to the real size, the interaction of the cantilevered and clamping wall sections is examined. In particular, the sliding shear behaviour in the construction joint between the basement wall and the basement ceiling is analysed. Figure 1 (middle and right) shows the test specimen schematically, the deformations and the cutting forces. As the deformed specimen in the middle shows, the sliding shear displacement moves in the same direction as the top displacement. This is according to the theory and was also seen in the experiments.



This publication aims to analyse a possible sliding shear failure of walls consisting of a cantilevered part and clamped part. The following questions are of interest:




	-

	
Where are flexural cracks localised and how do they initiate sliding shear failure? How advanced is the deformation and the plastic strain around the construction joint before sliding shear displacements occur?




	-

	
How is the friction resistance in the compression zone of the construction joint? How is the friction resistance in a zone in which the cracks do not close completely when the load is reversed?










2. Experimental Set-Up and Test Specimens


2.1. Experimental Set-Up


The test facility is shown in Figure 2. The figure shows the shear wall, the strong floor, the reaction walls below and above the strong floor and the clamping equipment on the force, middle and bottom axis. Forces are applied via the hydraulic cylinder. On the middle and bottom axis, the wall is clamped and connected to the horizontal supports. The clamping is achieved via prestressed rods. Five of six horizontal supports on the south and north sides of the wall are freely movable in the vertical direction. On the north side of the middle axis, the vertical support is located, achieved by a steel hinge. Thus, each axis can freely rotate without any constraint for a free deformation behaviour of the walls.



Figure 3 (top left) shows the front side of NW 1 in the test facility. On the front side, the optical measurement reflectors are glued. One can also see the designated south side (S) and north side (N) of the walls. In Figure 3 (top right), the back side of the specimen’s cantilever part is shown. The aluminium frame, screwed to the ceiling cutout, is used to fix the six displacement transducers on the cantilever part of the wall. In the clamped part, the displacements are measured in the same way. Thus, all the displacements can be recorded in relation to the ceiling cutout. Rigid body rotations are automatically eliminated.




2.2. Shear Walls


The investigation comprises three clamped shear walls; the reinforcement ratio and aspect ratio are varied. The walls are sufficiently designed against shear forces to focus on the interaction between bending and sliding shear. They consist of cantilevered and clamped parts, between which the ceiling cutout is located. The thickness of the cutout is 500 mm, and the height is 400 mm. Vertical reinforcement is continuous over the total height without lap splicing. The idea is to focus on pure sliding shear failure and avoid the influence of additional effects. An overview of the geometry and reinforcement ratios of all the walls can be found in Table 1. The walls are specified subsequently. The formwork and reinforcement plans are given in Figure 4.



	
NW 1






NW 1 represents a wall of an existing building. It contains a small amount of longitudinal reinforcement with a reinforcement ratio of 0.44% and no boundary reinforcing. The aspect ratio of the clamped part is hw/lw = 1.03 and of the cantilevered part is 2.04.



	
NW 2






NW 2 is designed to represent a ductile earthquake wall of a new building. It contains boundary reinforcing with a reinforcement ratio of 2.23% over a length of 0.15 times the length of the wall (270 mm). In the web, the reinforcement ratio is approximately the same as for NW 1. In the boundary zones, additional stirrups are inserted to confine the compression zone to increase the ductility. The aspect ratios are equal to NW 1, about one for the clamped part and two for the cantilevered part.



	
NW 3






NW 3 has about the same longitudinal reinforcement ratio as NW 1. The difference to NW 1 lies in the length; NW 3 has a length of 2.4 m, while the length of NW 1 is 1.8 m. Thus, the aspect ratio of NW 3 is smaller, with hw/lw = 0.78 for the clamped part and 1.53 for the cantilevered part.



In Table 1, the geometry and reinforcement ratios are summarized for all the walls. The height hbase is defined as the distance between the support axis in the middle and at the bottom. The height hup is the distance between the upper load axis and the middle support axis. The axes are shown in Figure 2. Table 2 lists the material properties of the concrete; Table 3 lists the material properties of the steel. The walls were fabricated in four stages along the vertical axis. The concrete properties are given for Section 1 and Section 3, which correspond to the concrete in the basement wall and the cantilever wall part adjacent to the ceiling cutout. The mean value derives from at least five material tests. The compression strength of the concrete was measured on cubes with an edge length of 150 mm. As a basis of the concrete tensile strength, the splitting tensile strength was measured on cylinders with a length of 300 mm and a diameter of 150 mm. The material properties of the reinforcement bars are obtained from the bilinear approximations of the stress–strain relationships measured in the tension tests.



Figure 5 shows the construction joint between the basement wall and the basement ceiling. The concrete was compacted with a vibrating bottle and not further roughened, as is often performed in practice. The largest grain size of the concrete is 16 mm. As the picture shows, the roughness is not pronounced. The height differences across the joint are in the range of up to 4 mm.




2.3. Measurement Technique


The applied measurement equipment consists of 12 inductive displacement transducers and an optical measurement grid with a horizontal and vertical distance of 200 mm (see Figure 6).



2.3.1. Measurement with Inductive Displacement Transducers (Back Side)


Six displacement transducers were mounted on a frame above the ceiling cutout; another six were mounted on a frame below the ceiling cutout. Hence, the measured displacements are with respect to the ceiling cutout. This allows measurement of the displacements in the cantilevered and clamped parts separately from each other. Horizontal displacements are measured on the load axis, on the lower support axis (green dots in Figure 6 left) and, for the sliding shear displacements, 200 mm above and below the ceiling plate (blue dots in Figure 6 left). The vertical displacements on the north and south halves of the wall are measured at the same heights as the horizontal displacements. With the displacement transducers near the construction joints (red dots in Figure 6 left), the relative Y-displacements are measured; these are then extrapolated for the values at the edges.




2.3.2. Optical Measurement (Front Side)


With eight cameras, the displacement field is measured over the total wall. Thus, reflectors are glued on the wall with horizontal and vertical distances of 200 mm between them. Figure 4 right shows the grid. The reflector points on the ceiling cutout could not be used because they were partially obscured by the steel structure. For the middle axis position, displacement measurement of the displacement transducers was used. The system can measure displacements in the X-, Y-, and Z-directions; for the displacement field, the X- and Y-directions (vertical plane) are needed. In this publication, the vertical displacements around the ceiling cutout are analysed along the red dashed lines in Figure 6.





2.4. Loading Protocol


The loading protocols were set up according to the known load history from [19]. A displacement control was chosen based on the actuator displacement in order to take into account both displacements, from the cantilevered and clamped parts of the wall, and to have a safe control system. This may result in certain deviations from a measurement based purely on the wall displacements. The loading protocol for NW 1 is given in Figure 7. The load stages are: cycle 1 = 0.75Fy; cycle 2 = δact(0.75Fy)·4/3·2; cycle 3 = δact(0.75Fy)·4/3·3. δact is the actuator displacement. For each load stage, two cycles are driven, e.g., in stage 1, cycle 1-1 and cycle 1-2. The same load steps were applied to NW 2. In the case of NW 3, only two load stages were run since failure had already occurred in the second load stage. In the first cycle of each load step (cycle X-1), the actuator was stopped, cracks were signed and pictures were taken at the maximum north and south deflection. The interruption of the load application is represented by a horizontal line in the loading protocol.





3. Results


The results of the investigation of the three shear walls are presented below. The load application is defined by the load protocols. In the case of displacement control (cycles 2 and 3), the cylinder displacement is used. The clamping stiffness is not the same in the north and south directions. For a horizontal force in the south direction, the prestressing bars stretch so that the support points are softer than for a horizontal force in the north direction. There, the force can be applied directly to the steel structure. As a result, the forces in the south direction are smaller than in the north direction for the same deflection of the hydraulic cylinder. Thus, a completely symmetrical load application could not be achieved. For the author, it was more important that the clamping could be applied in the basement without additional vertical constraints.



3.1. NW 1


3.1.1. Load–Drift and Sliding Shear Behaviour


Figure 8 shows the load–drift behaviour of the cantilever wall (left) and clamping wall parts (right). On the top, measurements in the upper load axis (3480 mm above the ceiling cutout in Figure 6) and lower support axis (1660 mm below the ceiling cutout in Figure 6) are shown. In the middle, measurements adjacent to the ceiling cutout are given. As shown in Figure 6, the displacement measurements around the ceiling cutout are located both 200 mm above and below. These displacements approximately correspond to the sliding shear displacements. The bending component within this height is very small and is therefore neglected. The load–drift behaviour from the sliding shear is given in the middle of Figure 8. No sliding shear displacements occur in NW 1, thus the differences between the total and the sliding shear displacements (bottom of Figure 8) are almost the total displacements (top of Figure 8); only displacements from flexure and tension shift occur. Figure 9 top and middle plots the vertical (relative Y-displacements) over the horizontal (sliding shear) displacements above and below the ceiling cut. The displacements are measured over a length of 200 mm. The vertical displacement is referred to as a relative Y-displacement and is abbreviated as Y-displacement. The Y-displacements above and below the ceiling reach up to 4 mm. The maximum Y-displacement occurs in the cantilevered part of the wall (see Figure 9 top to middle). In load level 3, the Y-displacement in the clamped part is somewhat obstructed because the wall is resting on the bottom. Figure 9 bottom shows the permanent Y-displacement (after unloading) in the wall centre. In load cycle 2-1 and 2-2, the permanent Y-displacement is a maximum of 1.6 mm, where the roughness of the construction joint is up to 4 mm. Finally, the sliding shear displacements are not greater than 1.2 mm, which means that no sliding shear failure occurs. The wall fails by flexure. The shear force is too small to initiate a sliding shear failure.




3.1.2. Cracking and Longitudinal Deformations around the Construction Joints


In Figure 10 top, the crack pattern of NW 1 is given, showing horizontal cracking to the edge, where flexure dominates. In the centre of the wall, or towards the neutral axis, the cracks run inclined. There, the shear stress increases, while the flexural stress decreases. Figure 10 bottom shows vertical deformations in different horizontal sections. The Y-displacements on the tension side around the construction joints (Y-displacements at 0.4 m and −0.4 m) are in cycle 2-1-N nearly 2 mm, 100 mm away from the edge (Figure 10 (bottom left)). In the following cycle 2-1-S, the Y-displacements increase to values of up to 3 mm and the closures on the compression side are becoming smaller (Figure 10 (bottom right). Plastic Y-displacements remain in the construction joint. In adjacent sections, the Y-displacements are significantly smaller (0.6 m and −0.6 m, etc.).





3.2. NW 2


3.2.1. Load–Drift Behaviour, Sliding Shear and Longitudinal Displacements


Figure 11 shows the load–drift relationships. The picture in the middle right shows the drift from sliding shear in the clamped wall section. First, sliding shear displacements occur already in cycle 2-1 with the load to the south. After the construction joint in the south edge of the wall is opened under a load to the north, the first sliding shear drift occurs when the wall is loaded in the reverse direction. The crack in the south does not close completely and the basement wall slides to the south at the construction joint. In the following cycles, the joint opens successively and the sliding shear displacement becomes more and more pronounced. This is addressed Section 3.2.2. In cycle 3-2, the drift from sliding shear develops up to a drift of 0.7% and the strength drops down to approx. 80% of the maximum value. Figure 11 top shows that the main flexural + tension shift displacements already occur in cycle 2-1. The following cycles, which are shown in colour, show no pronounced increase in the flexural + tension shift displacements. The wall begins to slide and loses its clamping load-bearing capacity in the basement; horizontal stabilisation of the building is no longer possible with the wall.



Figure 12 shows the curves of the relative Y-displacements versus sliding shear displacements. The relative Y-displacement is here defined as the longitudinal displacement measured over a measurement length of 200 mm (see also red dots in Figure 6). The relative Y-displacement is given at the centre of the joints above and below the ceiling cutout (top left and middle left). One can see that a successive increase in the centre of the wall occurs, which means that the crack in the joint also opens. The top and middle diagram on the right side show the relative Y-displacements at the north and south edges of the wall. If the north edge is under compression, the cracks does not close completely. A lengthening of between 2 and 4 mm remains after cycle 2-1 (left side of diagram top right). If the south side is under compression, the lengthening is smaller (right side of diagram middle right). In the diagram on the bottom right, the remaining lengthenings are in the compression zone, resp. the crack closures are given. Especially for the loading to the north, clear permanent lengthenings are visible. Figure 12 (bottom left) shows the permanent relative Y-displacements in the centre of the wall (after unloading). Especially in cycles 3-1 and 3-2, great lengthenings occur in the clamped part of the wall. This is also where the sliding shear displacements increase. More details about the deformations in a crack for the opening and closure part can be found in [17]. The closure of cracks is prevented by the aggregates, which cannot go back into the gaps from which they came when they slide at the same time. The aggregate interlock resistance is reduced.




3.2.2. Crack Pattern and Longitudinal Deformations


Figure 13 shows the crack patterns. Compared to NW 1, more cracks occur, more cracks are inclined and, in the boundary element, secondary cracking occurs. The load capacity is more than twice that of NW 1, leading to this difference. A detailed analysis of these observations is performed in a separate publication [18]. In the publication here, the construction joint above and below the ceiling cutout is of interest to analyse sliding shear failure. Figure 13 (middle left and bottom left) shows the Y-displacements in cycle 2-1 for loading to the north. The lengthening on the tension side (x = −0.8 m) is ~2 mm in the clamped part, smaller than in the cantilevered part with ~3 mm. In this half cycle, no sliding shear displacements occur. In the following half cycle to the south—Figure 13 (middle right and bottom right)—the lengthening in the tension zone (x = 0.8 m) is substantially greater: ~6 mm in the clamped part and ~2.5 mm in the cantilevered part. The compressing of it in the compression zone (x = −0.8 m in Figure 13 bottom right) is a little smaller than in the previous cycle (x = 0.8 m in Figure 13 bottom left). This is one reason why sliding shear displacements start at this load stage (cp. Figure 11 (middle right)). One can also see that the Y-displacements in the sections where Y = −0.4 m are significantly greater than for the adjacent sections, Y = −0.6 m and −0.8 m. This further favours sliding shear failure in the construction joint.



The main sliding shear resistance is built up via the aggregate interlock in the compression zone (cp. [16]). A permanent crack opening reduces this aggregate interlock resistance and hence the sliding shear resistance.




3.2.3. Photos of the Sliding Shear Zone


Figure 14 shows the cracking around the construction joint between the ceiling cutout and the basement for different cycles; the relative Y-displacement (longitudinal displacement) is measured over a distance of 200 mm. This means that there is crack opening of the construction joint, and additional crack openings in the 200 mm wall segment are included. However, the main opening occurs in the construction joint. The picture on the top shows the cycle 2-1 to the south, where the first sliding shear displacement was recognized with about 2.5 mm. This is the cycle after the first plastic lengthening of the tension reinforcement (2-1-N).



In cycle 3-1-N (cycle 3-1-S was driven before this cycle), the sliding shear displacement was approximately 10 mm. The relative Y-displacement (over a distance of 200 mm) in the centre of the wall was about 5 mm. It is estimated that at least half of this localises in the construction joint, which would be a crack opening of about 2.5 mm. One also can see that spalling of the concrete cover starts due to transverse tension. The picture on the bottom shows the joint after cycle 4, a further cycle that is not included in the evaluation before. It shows the final damage state. Through forward and backward sliding shear displacements, the concrete spalls and rubs off along the joint. The sliding shear resistance is reduced from cycle to cycle.





3.3. NW 3


3.3.1. Load–Drift Behaviour, Sliding Shear and Longitudinal Displacements


Figure 15 shows the load–drift relationship of NW 3. The wall has the same reinforcement ratio as NW 1 but is 1.33 times longer. The diagrams on the top show the flexural (incl. tension shift) drifts. For loading to the north, the cantilever part deforms mainly (left diagram); for loading to the south, the clamped part (right diagram). The reason for this is unsymmetric cracking. The diagrams in the middle show the drift from sliding shear, left in the cantilevered part and right in the clamped part. The maximum sliding shear drift occurs in the clamped part in cycle 2-2, with 0.43% for a deflection to the north. This corresponds to a siding displacement of eight millimetres. In this load stage, the sliding shear displacements increase significantly while the flexural displacements already decrease. The load drops to about 70% of the maximum value. The drifts from the total displacements are given on the bottom.



Figure 16 shows the longitudinal sliding shear displacement curves in the cantilevered part (top) and clamped part (middle). Again, the first sliding shear displacements occur in cycle 2-1 to the south, after the first plastic lengthening of the tensile zone in the cycle before. Figure 16 (bottom) shows the permanent lengthening after the cycles. After cycle 2-1, the plastic lengthening in the centre is not pronounced, but after cycle 2-2, the great sliding shear displacements occurred.




3.3.2. Cracking and Longitudinal Deformations around the Construction Joints


Figure 17 (top) shows the crack pattern and Figure 17 (bottom) the longitudinal deformations of NW 3. The cracks are distributed asymmetrically: for a deflection to the north, cracks develop above the ceiling cutout in the south (see Figure 17 top left). Only a few cracks appear below the basement ceiling in the south. For a deflection to the south, cracking occurs below the ceiling cutout on the north side (see Figure 17 top right). Above the ceiling, only a few cracks emerge. This asymmetrical behaviour is due to the position of the vertical support, which is located on the central axis at the northern edge of the wall. The dead load of the hydraulic cylinder and the horizontal stilt in the lower bearing axis also play a role. This creates additional pressure above the ceiling cutout and additional tension below the ceiling cutout. This leads to the asymmetrical crack distribution. However, this vertical support was the simplest solution to create a constraint-free bearing.



Nearly equal lengthenings of about 4 mm occurred above and below the ceiling cutout in cycle 2-1-N (X = −1.1 m section and Y = 0.4 m/Y = −0.4 m in Figure 17 bottom left). For the subsequent cycle to the south, 2-1-S, a large single crack of about 16 mm occurred in the clamping part (X = 1.1 m section and Y = −0.4 m in Figure 17 bottom right). As for NW 2, the cracks did not close completely in the compression zone. Sliding shear failure occurred due to the reduced aggregate interlock resistance.




3.3.3. Photos of the Sliding Shear Zone


Figure 18 shows the cracking around the construction joint between the ceiling cutout and the basement wall for cycles 2-1-N and 2-1-S. Cycle 2-1-N again initiates sliding shear displacements due to plastic crack opening in the joint. A substantial sliding shear displacement occurs then in cycle 2-1-S, with a value of approximately 4 mm. In this cycle, the crack opens on the tension side up to 16 mm. On the compression side, the crack closes incompletely; a plastic deformation remains, which supports the sliding shear failure.






4. Analysis


This section aims to roughly analyse the stress and deformation state shortly before sliding shear displacements occur in the clamped part of the walls. Plastic lengthening occurs for the first time in the 2-1-N half-cycle, followed by the first sliding shear displacements in the 2-1-S half-cycle. It is assumed that the main shear force is transferred over the compression zone, because most parts of the reinforcement in the tension zone are already in the plastic range and a significant resistance due to dowel action or inclined lengthening is not left. From a moment–curvature analysis, the compression zone height, x, and the lever arm, z, are available. FV is the maximum shear force in cycle 2-1-N. Sliding shear displacements occurred, for NW 2 and NW 3, when the mean shear stress in the compression zone was τx ~ 20 MPa or greater. For NW 1, the mean shear stress was 15.2 MPa. No relevant sliding shear displacements occurred. To obtain the friction coefficient, the mean axial stress in the compression zone σx is calculated. The wall NW 2 with boundary reinforcement resists in terms of amount greater compression stresses (second last column in Table 4). This is due to the greater amount of steel inside the boundary compression zone and its confinement. The friction coefficient in the compression zone is calculated with τx/|σx| or FV/|C| and given in the last column of Table 4. There, the concrete and steel resistances are included. Therefore, it can only be a rough global value: sliding shear failure occurred for FV/|C| > 0.6. A more detailed analytical analysis can be found in [16].



In Table 5, the deformations around the construction joint of the clamped wall part are analysed. With each “plastic” cycle, the plastic lengthening of the zone around the construction joint proceeds. Already after cycle 2-1-N, the first permanent deformation occurred after unloading. In the tension edge zone (100 mm away from the edge), the lengthening was between 2 mm and 4 mm for walls that fail under sliding shear (see also Figure 13 left and Figure 17 left). By dividing these lengthenings by the measurement length of 200 mm, the tensile strains are obtained, which are greater than 10 mm/m for NW 2 and NW 3. For NW 1, which did not fail through sliding shear, the tensile strain was 8.5 mm/m.



It can be stated that a sliding shear failure only occurs if the shear stress is sufficiently high and a significant plastic flexural deformation is reached. This was the case when τx > 20 MPa and εs > 10 mm/m for the investigated walls.




5. Conclusions


Shear walls clamped into the basement are very effective for the horizontal stabilisation of buildings against earthquakes. However, the conventional design often considers only the cantilevered part, not the clamped part. This means that the benefit of additional deformation capacity, as well as the risk of premature sliding shear failure in the clamped area, is neglected. This article examines three shear walls that are clamped into the basement box. Particular attention is paid to the analysis of the clamping part.



5.1. NW 1: Existing Wall, Slightly Reinforced/Aspect Ratio in the Clamped Part hw/lw~1


NW 1 is a continuously reinforcement wall with a ratio of 0.44% over the total length. In the early load stages, the wall developed uniform distributed cracks in the cantilever and clamping parts. Later, a large crack opened above the ceiling cutout. Below the ceiling cutout, where the shear stress was high, the crack opening stayed small. No sliding shear failure occurred. The wall failed due to bending. The friction loading in the compression zone was τx/|σx|~0.6 for the maximum load; the strain in the tension zone εs = 8.5 mm/m.




5.2. NW 2: New Construction Wall with Confined Boundaries and a Slightly Reinforced Web/Aspect Ratio in the Clamped Part hw/lw~1


In NW 2, more cracks occurred compared to NW 1. Especially in the boundary section, secondary cracking occurred due to the higher reinforcement amount. The boundary section has a reinforcement ratio of 2.23%, the web part of 0.44%. In cycle 2-1-N, a flexural crack opened in the construction joint below the ceiling cutout. Under reverse loading, in cycle 2-1-S, the crack closed again, but not completely; NW 2 started to slide. At the maximum load, the friction loading was τx/|σx|~0.75 and the strain in the tension zone εs = 10.5 mm/m.




5.3. NW 3: Existing Wall, Slightly Reinforced/Aspect Ratio in the Clamping Zone = hw/lw~0.78


NW 3 was 33% longer than NW 1 and NW 2. The reinforcement was continuously distributed with a ratio of 0.39%, nearly the same as in NW 1. As in NW 2, a pronounced crack opening occurred in the construction joint below the ceiling cutout. The opening was mainly on the north side, where a little tension force was introduced from the stilt in the lower support axis. Sliding shear displacements already occurred in cycle 2-1-S, again after the first pronounced lengthening of the tension zone in the half-cycle before. At the maximum load, the friction loading was τx/|σx|~0.78 and the strain in the tension zone εs = 20 mm/m.




5.4. Summary and Outlook


The experiments show that basement-clamped shear walls can fail due to sliding shear in the construction joint below the basement ceiling. A rough estimate can be achieved using the aspect ratio: if the wall is squat enough, hw/lw ≤ 1, a sliding shear failure can occur. However, this is a very rough estimate based on only the external geometry. For a closer look, it makes sense to consider the internal deformations and forces of the walls. Under a relevant earthquake loading, it must be assumed that bending cracks open up well into the plastic range (εs > 10 mm/m). Then, the reinforcement in the tensile zone is clearly deformed into the plastic range and cannot absorb additional sliding shear forces. Further, under reverse loading after plastic crack opening, the cracks do not close completely. This leads to a reduction of the concrete resistance due to aggregate interlock and the shear resistance of the compression reinforcement. Hence, the deceive resistance, the resistance of the compression zone, is reduced. A limit value for the friction coefficient in the compression zone can be specified: sliding shear failure is unlikely if the friction coefficient FV/|C| = τx/|σx| ≥ 0.6. This is a global value and includes the resistances of the concrete and the reinforcement in the compression zone and can be easily applied in practice. It is a criterion that includes not only the aspect ratio, as mentioned above, but also the following effects:




	
Amount of reinforcement, which influences the compression resultant C.



	
Distribution of the reinforcement (evenly distributed or concentrated in the edges), which influences the inner lever arm and, as a result, the compression resultant C.



	
Axial force, which influences the compression resultant C.








The compression resultant C can be calculated from the moment–curvature relationship using a commercial cross-section analysis program.



Further research could analyse an additional axial force or the clamping effect of the surrounding ceiling plate.
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Figure 1. Shear wall clamped in the basement: internal forces, curvatures, and deformation with sliding shear failure [1]. 






Figure 1. Shear wall clamped in the basement: internal forces, curvatures, and deformation with sliding shear failure [1].
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Figure 2. Front view of the experimental set-up [18]. 






Figure 2. Front view of the experimental set-up [18].



[image: Materials 17 04111 g002]







[image: Materials 17 04111 g003] 





Figure 3. Front side of the test specimen (left); back side of the cantilever part of the test specimen with the displacement transducer measuring frame mounted on the ceiling cutout (right). 






Figure 3. Front side of the test specimen (left); back side of the cantilever part of the test specimen with the displacement transducer measuring frame mounted on the ceiling cutout (right).
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Figure 4. Formwork plan and reinforcement plan of NW 1 (top left), NW 2 (top right) and NW 3 (bottom left); dimensions are in mm. 
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Figure 5. Construction joint between the basement wall and the basement ceiling cutout: complete cross-section (top), south side (bottom left), and north side (bottom right). 






Figure 5. Construction joint between the basement wall and the basement ceiling cutout: complete cross-section (top), south side (bottom left), and north side (bottom right).
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Figure 6. Measurement points of the displacement transducers (left): green for the top and bottom displacements, blue for the sliding shear displacements and red for the relative Y-displacements around the construction joints; reflector grid of the optical measurement (right); dimensions are in mm; example NW 1. 






Figure 6. Measurement points of the displacement transducers (left): green for the top and bottom displacements, blue for the sliding shear displacements and red for the relative Y-displacements around the construction joints; reflector grid of the optical measurement (right); dimensions are in mm; example NW 1.
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Figure 7. Loading protocol for NW 1. 
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Figure 8. Load–drift curves of NW 1: flex cantilever (top left), flex clamping part (top right), sliding shear cantilever (middle left), sliding shear clamping part (middle right), total cantilever (bottom left), and total clamping part (bottom right). 






Figure 8. Load–drift curves of NW 1: flex cantilever (top left), flex clamping part (top right), sliding shear cantilever (middle left), sliding shear clamping part (middle right), total cantilever (bottom left), and total clamping part (bottom right).
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Figure 9. Relative Y-displacement (over a length of 200 mm) to sliding shear displacement curves in the centre of NW 1: above (top) and below the ceiling plate (middle); permanent relative Y-displacement (over a length of 200 mm) in the centre after the cycle (bottom). 






Figure 9. Relative Y-displacement (over a length of 200 mm) to sliding shear displacement curves in the centre of NW 1: above (top) and below the ceiling plate (middle); permanent relative Y-displacement (over a length of 200 mm) in the centre after the cycle (bottom).
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Figure 10. NW 1 in cycle 2-1: to the north (left) and to the south (right): crack pattern (top), Y-displacements along different horizontal sections [m] in the cantilever part (middle) and the basement part (bottom). 






Figure 10. NW 1 in cycle 2-1: to the north (left) and to the south (right): crack pattern (top), Y-displacements along different horizontal sections [m] in the cantilever part (middle) and the basement part (bottom).
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Figure 11. Load–drift curves of NW 2: flex cantilever (top left), flex clamping part (top right), sliding shear cantilever (middle left), sliding shear clamping part (middle right), total cantilever (bottom left), and total clamping part (bottom right). 






Figure 11. Load–drift curves of NW 2: flex cantilever (top left), flex clamping part (top right), sliding shear cantilever (middle left), sliding shear clamping part (middle right), total cantilever (bottom left), and total clamping part (bottom right).
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Figure 12. Relative Y-displacement (over a length of 200 mm) to sliding shear displacement curves of NW 2: above (top left) and below (middle left) the ceiling plate in the centre, at the north edge (top right) and at the south edge (middle right) of the wall; permanent relative (over a length of 200 mm) Y-displacement after the cycle: in the centre of the wall (bottom left) and in the compression zone edge (bottom right). 






Figure 12. Relative Y-displacement (over a length of 200 mm) to sliding shear displacement curves of NW 2: above (top left) and below (middle left) the ceiling plate in the centre, at the north edge (top right) and at the south edge (middle right) of the wall; permanent relative (over a length of 200 mm) Y-displacement after the cycle: in the centre of the wall (bottom left) and in the compression zone edge (bottom right).
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Figure 13. NW 2 in cycle 2-1: to the north (left) and to the south (right): crack pattern (top), Y-displacements along different horizontal sections [m] in the cantilever part (middle) and the basement part (bottom). 






Figure 13. NW 2 in cycle 2-1: to the north (left) and to the south (right): crack pattern (top), Y-displacements along different horizontal sections [m] in the cantilever part (middle) and the basement part (bottom).
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Figure 14. Construction joint between the basement wall and the ceiling cutout of NW 2: cycle 2-1 load to the south (top); cycle 3-1 load to the north (middle), after cycle 4-1 (bottom). 
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Figure 15. Load–drift curves of NW 3: flex cantilever (top left), flex clamping part (top right), sliding shear cantilever (middle left), sliding shear clamping part (middle right), total cantilever (bottom left), and total clamping part (bottom right). 






Figure 15. Load–drift curves of NW 3: flex cantilever (top left), flex clamping part (top right), sliding shear cantilever (middle left), sliding shear clamping part (middle right), total cantilever (bottom left), and total clamping part (bottom right).
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Figure 16. Relative Y-displacement (over a length of 200 mm) to sliding displacement curves in the centre of NW 3: above the ceiling plate (top); below the ceiling plate (middle); permanent relative Y-displacement (over a length of 200 mm) in the centre after the cycle (bottom). 






Figure 16. Relative Y-displacement (over a length of 200 mm) to sliding displacement curves in the centre of NW 3: above the ceiling plate (top); below the ceiling plate (middle); permanent relative Y-displacement (over a length of 200 mm) in the centre after the cycle (bottom).
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Figure 17. NW 3 in cycle 2-1: to the north (left) and to the south (right): crack pattern (top), Y-displacements along different horizontal sections [m] in the cantilever part (middle) and the basement part (bottom). 






Figure 17. NW 3 in cycle 2-1: to the north (left) and to the south (right): crack pattern (top), Y-displacements along different horizontal sections [m] in the cantilever part (middle) and the basement part (bottom).
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Figure 18. Crack opening of the construction joint below the ceiling cutout of NW 3: at cycle 2-1-N (top) and at cycle 2-1-S (bottom). 
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Table 1. Geometry and reinforcement of the shear walls.






Table 1. Geometry and reinforcement of the shear walls.





	
Wall

	
hup

	
hbase = hw

	
t

	
lb1/2

	
lweb

	
ρb1/2

	
ρweb

	
ρV_up

	
ρV_base




	

	
[m]

	
[m]

	
[m]

	
[m]

	
[m]

	
[%]

	
[%]

	
[%]

	
[%]






	
1

	
3.68

	
1.86

	
0.20

	
0

	
1.80

	
-

	
0.44

	
0.39

	
0.39




	
2

	
3.68

	
1.86

	
0.20

	
0.27

	
1.26

	
2.23

	
0.44

	
0.39

	
0.79




	
4

	
3.68

	
1.86

	
0.20

	
0

	
2.40

	
-

	
0.39

	
0.39

	
0.79








hup = height of the cantilever wall from the middle support axis to the upper load axis; hbase = height of the basement wall from the lower to the middle support axis; t = thickness of the wall; lb = length of the boundary zone; lweb = length of the web; ρb = reinforcement ratio in the boundary zone; ρweb = reinforcement ratio in the web; ρV_up = transverse reinforcement ratio in the cantilever wall; ρV_base = transverse reinforcement ratio in the basement wall.













 





Table 2. Material properties of the concrete at the date of testing.






Table 2. Material properties of the concrete at the date of testing.





	
Wall

	
fc_cube_base

	
fc_cube_up

	
fst_base

	
fst_up




	

	
[MPa]

	
[MPa]

	
[MPa]

	
[MPa]






	
1

	
42.2

	
38.3

	
3.1

	
2.7




	
2

	
52.6

	
35.9

	
4.1

	
3.2




	
4

	
44.1

	
39.8

	
3.3

	
2.9








fc_cube_base = cube compressive strength in the basement wall; fc_cube_up = cube compressive strength in the cantilever wall adjacent to the ceiling cutout; fst_base = splitting tension strength in the basement wall; fst_up = splitting tension strength in the cantilever wall adjacent to the ceiling cutout.













 





Table 3. Material properties of the reinforcement.






Table 3. Material properties of the reinforcement.





	
Ø

	
Es

	
fsy

	
fsu

	
εy

	
εu




	

	
[GPa]

	
[MPa]

	
[MPa]

	
[mm/m]

	
[mm/m]






	
10

	
202

	
601

	
635

	
3.0

	
65.3




	
16

	
186

	
606

	
658

	
3.3

	
119








Es = Young’s modulus; fsy = yield strength; fsu = tensile strength; εy = yield strain; εu = ultimate strain.













 





Table 4. Forces, stresses and friction coefficients in the construction joint between the basement wall and the ceiling cutout.






Table 4. Forces, stresses and friction coefficients in the construction joint between the basement wall and the ceiling cutout.





	
Wall

	
Cycle

	
tw

	
x

	
z

	
FV

	
Τ = FV/(tw∙lw)

	
τx = FV/(tw∙x)

	
C = −FV∙hw/z

	
σx = C/(tw∙x)

	
τx/|σx|




	

	

	
[m]

	
[m]

	
[m]

	
[kN]

	
[MPa]

	
[MPa]

	
[kN]

	
[MPa]

	
[-]






	
NW 1

	
2-1 N

	
0.2

	
0.16

	
0.98

	
485

	
1.3

	
15.2

	
−822

	
−25.7

	
0.59




	
NW 2

	
2-1 N

	
0.2

	
0.18

	
1.24

	
1135

	
3.2

	
31.5

	
−1519

	
−42.2

	
0.75




	
NW 3

	
2-1 N

	
0.2

	
0.19

	
1.29

	
750

	
2.1

	
19.7

	
−965

	
−25.4

	
0.78








tw = wall thickness; x = compression zone height; z = lever arm; hw = distance between lower support axis and construction joint below the ceiling cutout = 1.66 m; FV = maximum shear force; C = compression resultant; τ = mean shear stress over the complete cross-section; τx = mean shear stress over the compression zone; σx = mean axial stress over the compression zone.













 





Table 5. Deformations and strains in the construction joint between the basement wall and the ceiling cutout.






Table 5. Deformations and strains in the construction joint between the basement wall and the ceiling cutout.





	
Wall

	
Cycle

	
ws

	
εs = ws/0.2 m

	
Κ = εs/(lw-0.1m-x)




	

	

	
[mm]

	
[mm/m]

	
[mrad/m]






	
NW 1

	
2-1 N

	
1.7

	
8.5

	
5.5




	
NW 2

	
2-1 N

	
2.1

	
10.5

	
6.9




	
NW 3

	
2-1 N

	
4.0

	
20

	
9.5








ws = lengthening of the tension side (100 mm away from the edge–outer reflectors from optical measurement) measured over a measurement length of 200 mm around the construction joint; lw = wall length; εs = tensile strain; κ = curvature.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Ioad axis

north

ﬁﬂl" [a_|

force &

1]

I

cylinder (= TMN)

——"— middle axis —=—

j1

=

.

|

‘WAl

=
Il
|

|||
| |

[ 1]
|

T

—— :
support axis

bottom axis —1{ 4






media/file39.jpg
600

00

0

Shear Force F, [kN]

00

00

20

Shear Force F, [kN]

00

00

0

‘Shear Force F, [kN]

1200
{ a0 {
)
S § ol
2
)
. —ader
I a2 - | ocer2
— o2 —ae21
— 22 ce22
o 1200 s
2 o 1 2 2 1 o 1 2
s it %) N> s oritto (%) N
200
1 a0 {
= @
: )
5 a0
—qeern | B o1
| a1 i | —aena
arez1 —ade21
—onez2 e22
i 1200 .l
2 o 1 2 2 1 o 1 2
<s Drift ¢ (%) Ne> <5 Drift o [%] N>
100
a0 |
)
g o
50 |
—oera | & S
| —oera P |
— o1 e
— o2 e
o ersis e 22
2 o 1 2 2 1 o 1 2
<S Drift ¢ (%] N> <5 Drift o [%] N>





media/file43.png
Relative Y-displacement at the centre [mm]

Relative Y-displacement at the centre [mm]

15

10

-10

-15

cycle 1-1
cycle 1-2
cycle 2-1
e CY/ClE 2-2
-15 -10 -5 0 5 10 15
<-S Sliding displacement [nm] N->
cycle 1-1
cycle 1-2
cycle 2-1
cycle 2-2
-15 -10 -5 0 5 10 15

<-S Sliding displacement [nm] N ->





media/file21.jpg
=
S}

Relative Y-displacement at the centre [mm]
w

o

cycle 1-1
————— cycle 1-2

cycle 2-1
————— cycle 2-2

cycle 3-1

<-S  Sliding displacement [mm] ~ N->





media/file44.png
Permanent Y-displacement - centre [mm]

10

-5

-10

® top - after first half cycle
X top - after second half cycle
® base - after first half cycle

X base - after second half cycle

Xe

X®

1-1 1-2 2-1 2-2 3-1 3-2

Load-stage






media/file26.png
Y-displacement [mm]

Y-displacement [mm]

i ‘..A
" <= for

. -

ce to the south -
W e o -

o .
it

—

0

-0.6

-0.4

-0.2 0.0 0.2
X-coordinate [m]

0.4

0.6

0.8

-0.6

-0.4

02 00 02
X-coordinate [m]

—e— 0.4
—0—-06
°.--08
0O - _1

0.4

soees _16
0.6

0.8

0.2 0 02 04 06 08
R Qs b L
e - Ry

™ % *--e;_-—:—;:—-u.k e U
. e 0 " ~ I
. .o "\“ ‘-z-t‘ \-_‘ .‘
LS0C e W

N L
’ .

Y-displacement [mm]

Y-displacement [mm]

-0.6

-0.4

-0.2 0.0 0.2
X-coordinate [m]

0.4

0.6

0.8

—e—-0.4
—0—-0.6
--0-=-0.38
- = _1

coo@eeee 1.2
e Jeeee =14
..... Ao -1.6

-0.8

-0.6

-0.4

-0.2 0.0 0.2
X-coordinate [m]

0.4

0.6

0.8





media/file35.png
. . . . .

_force to the north =>
-

-0.8 -0.6 —04 02






media/file7.jpg
o | mzen

e






media/file19.png
Shear Force F, [kN]

600

400

200

-200

-400

-600

cycle 3-2

Drift ¢ [%]

Shear Force F,, [kN]

1200

800

400

-400

-800

-1200

cycle 3-2

-1 0] 1 2
Drift ¢ [%]





media/file6.png





media/file36.png
Y-displacement [mm)]

Y-displacement [mm]

-0.6

o= 8
6 QEEE:.:.:.:E'-“
-8
-10
-12
14
-16

-0.8 -0.6

-0.4

-0.2 0.0 0.2

X-coordinate [m]

-0.2 0.0 0.2
X-coordinate [m]

—e— 04
——-0.6
®---08
O --1

P
ceeFeeer-1.4
Noeeee-1.6

0.4

0.6

0.8

Y-displacement [mm)]

Y-displacement [mm]

-8
-10
-12
-14
-16

0.4

——-0.6
--0---0.8
-0-=-1

P )
S U |
..... Ao -1.6

-0.8

-0.6

-0.4

-0.2 0.0 0.2
X-coordinate [m]

-0.2 0.0 0.2
X-coordinate [m]

0.4

0.6

0.4

0.6

0.8

0.8





media/file15.jpg
o 32N 41N
31 3258

225

s

g§88°98

(wuw) wawadeidsip Jorento

-

150 200 250 300
time [min]

100

50





nav.xhtml


  materials-17-04111


  
    		
      materials-17-04111
    


  




  





media/file11.png





media/file2.png
building

i
i
I
!
[ 54— 1
1
i
i specimen deformation static system
]
L If | — +—
: ; :
: 1 3
: 1 1
: I A
[ i ] ! !
: I ;
! I :
. 1 1
. 1 p
! | construction ]
: > ' <] | joint —TT
. 1 4 e
: :
: k 1
basement ; A sliding ——*
..... . i ! 1
1 . .
> < <






media/file10.jpg





media/file24.png
Relative Y-displacement at the centre [mm]

Permanent Y-displacement - centre [mm]

-10

10

-10

cycle 1-1
————— cycle 1-2
cycle 2-1
————— cycle 2-2
cycle 3-1
cycle 3-2
-15 -10 -05 0.0 0.5 1.0 1.5
<-S Sliding displacement [mm)] N->
® top - after first half cycle
X top - after second half cycle
® base - after first half cycle
X base - after second half cycle
X
°
o |
%
i |
2 | |
1-1 1-2 2-1 2-2 3-1 3-2

Load stage





media/file1.jpg
>

a]

b g — b

@

M





media/file12.png





media/file9.jpg





media/file22.jpg
Relative Y-displacement at the centre [mm]
&

-
S)

10

Permanent Y-displacement - centre [mm]
o

3 cycle 1-1
o e cycle 1-2
1 cycle 2-1
————— cycle 2-2
cycle 3-1
----- cycle 3-2
-1.5 -10 -05 0.0 0.5 1.0 15
<-S  Sliding displacement [mm] N->
® top - after first half cycle
X top - after second half cycle
® base - after first half cycle
| X base - after second half cycle
5 X
°
» - ®
= T T T
o
2 3 ] »
1-1 1-2 2-1 2-2 31 3-2

Load stage





media/file47.jpg





media/file38.png





media/file17.jpg
Shear Force F, [kN]

)

H

H

1200

H

H

Shear Force , k8]
5
5 .

H

a0

oifto %)

oifto1%]






media/file30.png
600

400

N
o
(@)

-200

Shear Force F,, [kN]
o

-400

-600

cycle 1-1

cycle 1-2
———= cycle 2-1

cycle 2-2
e CY/ClE 3-1
e CY/ClE 3-2

0

Drift ¢ [%]

1

N->

1200

800

I
o
(@)

-400

Shear Force F,, [kN]
o

-800

-1200

cycle 1-1
cycle 1-2

— === cycle 2-1
cycle 2-2
e CY/ClE 3-1

e CY/ClE 3-2

-2 -1 0

<-S

Drift ¢ [%]

1 2

N->





media/file34.jpg
k16 a1
w—id w1a

P

Vasplacement

08 06 04 02 00 02 04 05 03 08 06 04 02 00 02
Xcoordinate m] Xcoordinate m]

o6 08

Xcoordinate (m) Xcoordinate (m]





media/file48.png





media/file27.jpg
600 1200

) 0
g 3 w0
R % o
H adera| %
£ ———opera| g0
? i cycle 21 ”
00 ade22 200
—— e
R
PR 1 2
orifto 1) N
1200
0 0
z ™ 3 @
g o - - g o -
2 &
5 cyde 11 < cyele 1.1
ade21 - gpe2]
00 eyde22 200 ovcle22
——cye31 e
5 —aeesa| e
2 a4 o 1 2 2 1 o 1 2

<s Drift o (%) N> <5 Drift 0 %) N>





media/file3.jpg
At
Il 1 111
e :
— cai g
-
- ]
— Soomos — TP —






media/file18.jpg
‘Shear Force F, [kN]

‘Shear Force F, [kN]

m

m

1200
0
z w
) -
H
2 et
> - oye12
& ——oye21
- opde22
——ode31
a0 32
o 1 2
orft o (%]
z @
@
A
= —— et
g o ——xy
@ e
o0 | -m--oce2z
et
_— oouez

orift o (%]

o
Drifto %]

1

2





media/file42.jpg
Permanent Y-displacement - centre [mm]

=
S}

o

&

-10

® top - after first half cycle
X top - after second half cycle
® base - after first half cycle

| X base - after second half cycle

Xe

1-1 12 2-1 2-2

Load-stage

31

3-2






media/file23.png
Relative Y-displacement at the centre [mm]

10

-1.5

<-S

-1.0 -05 0.0 0.5

Sliding displacement [mm]

cycle 1-1
cycle 1-2
cycle 2-1
cycle 2-2
cycle 3-1

cycle 3-2

1.5

N->





media/file40.png
Shear Force F, [kN]

600 1200

Shear Force F,, [kN]

Shear Force F,, [kN]

400 - 800
200 - = 400
=,
>
J L
O 1 1 § O 1 a 1
o
L
-200 O -400 W
i
cycle 1-1 v cycle 1-1
_400 cycle 1-2 -800 i cycle 1-2
e CY/ ClE 2-1 e CY/ClE 2-1
e CY/ ClE 2-2 e CY/ ClE 2-2
-600 -1200
-2 -1 0 1 2 -2 -1 0 1 2
<-S Drift ¢ [%] N-> <-S Drift ¢ [%] N->
600 1200
400 . 300
200 - = 400
=,
I.I_>
0 . . § 0 . .
o
L
-200 O -400 U
i
cycle 1-1 "’ cycle 1-1
_400 i cycle 1-2 -800 i cycle 1-2
cycle 2-1 cycle 2-1
e CY/ClE 2-2 cycle 2-2
-600 -1200
-2 -1 0 1 2 -2 -1 0 1 2
<-S Drift ¢ [%] N-> <-S Drift ¢ [%] N->
600 1200
400 - 800
200 = 400
=,
I.I_>
O 1 1 § O . 1 1
V O
L
-200 l @ -400 W
cycle 1-1 n eycle 1-1
-400 . cycle 1-2 _800 i cycle 1-2
e CY/ClE 2-2 e CY/ClE 2-2
-600 -1200
-2 -1 0 1 2 -2 -1 0 1 2
<-S Drift ¢ [%] N-> <-S Drift ¢ [%] N->






media/file33.jpg





media/file32.png
Relative Y-displacement at the centre [mm] Relative Y-displacement at the centre [mm]

Permanent Y-displacement - centre [mm]

15

cycle 1-1
cycle 1-2
— == cycle 2-1
cycle 2-2
10 | e—cycle 3-1
e CY/ClE 3-2
5 -
O 1 1 1 1
-15  -10 -5 0 5 10 15
<-S  Sliding displacement [mm] N->
O | | | |
/
b
S| e——1_——>=
cycle 1-1
-10 . cycle 1-2
— == cycle 2-1
cycle 2-2
e CY/ClE 3-1
e CyCleE 3-2
-15
-15 -10 -5 0 5 10 15
<-S Sliding displacement [mm] N->
10
® top - after first half cycle
X top - after second half cycle
® base - after first half cycle
> 7 x base - after second half cycle
v » | |
O '_; T l T T T T
°
X 2
®
-5 - X
2
-10
1-1 1-2 2-1 2-2 3-1 3-2
Load-stage

Relative Y-displacement - north edge [mm]

Relative Y-displacement - south edge [mm]

Permanent Y-displacement - comp. e. [mm]

5
O | | | |
/
!
[
-5 o
i
cycle 1-1
cycle 1-2
10 - Y
— == cycle 2-1
cycle 2-2
e cyCle 3-1
15 e CY/ClE 3-2
-15  -10 -5 0 5 10 15
<-S Sliding displacement [mm] N ->
5
O 1 I\ ‘“‘ 1 1
)
-5 h
cycle 1-1
cycle 1-2
_10 _ - === CyC|e 2'1
cycle 2-2
e CY/ClE 3-1
15 e CY/ClE 3-2
-15  -10 -5 0 5 10 15
<-S Sliding displacement [mm] N ->
5
00
O . T _I'._ T T
¢ 2
e | o
-10 .
-15 .
20 .
¢ north
® south
-25
-15  -10 -5 0 5 10 15
<-S Sliding displacement [mm] N->





media/file28.jpg
‘Shear Force F, [kN]

H

H

H

5
g

g

1200
800
5 w0
IR
/ 2
—eer| 3
/ aderz| 270 ale 12
ade21 i cyde 2
evcle22 200 ae22
——oye31 eycle31
le32 J—reey
e 0 o
PR 1 2 a1 o 1 2
<s Drift o %] N> < orifto 15 N>





media/file14.png
L]

Ll

L)

Ll

A [V B N S (N U |
& %I&l&l&l P o in ] D IS
L T o H L L T —
. . .Y | o o
i A IAI - _ - HIAI L L n —
£ ( lm n F L F .
I % L _ W s L ——
. W, . . W, . .. . SO . Y, 1 o F . ..
W N T TV W N I L e~ e —
P . . . . W, W . W . W h h _ F o, . . . . N
WO WTTWT N W T T _ W ._ W
i S, e £ ., .. .. W, . . WP, P W, W, -1 -
W W W W W W VW W A L ] S L R
i, T o T o T - T . T ., O . S . W . P . . y D . O P . 1 | o N . P, ¥ w1 =
W WO WY\ N _ v oo Yy
it it i i i _iin N B - O i i ih i 1
W W W W W W W W W A A -4 _ W W W W W -
M B B i i JO. . P .Y oM F. . . .1
e N W N W W N W ’ N A A . 1 W N O W W W >
] ] 1 ] 1 ] I I I |—|
T " T
002 X Gl 00¢ 002 002%9
oom_ _ _ _Sm
i 1 I 1
106+ 0L 101 F Gz ¥
Qo w w o
o e e R s — b g I —_— 1||||I.5
+ H +1 +i
——— —
_om - oL+ ; 0L+ GZF
I 1 1 1
Ll . " .
._. _ 00¥ _ 00y _ ._.
T 5 i
0B9E 0981

| [100
b 2 |

8 x 200

100] |

465

465

TT

900

900






media/file49.png





media/file41.jpg
Relative Y-displacement at the centre [mm]

Relative Y-displacement at the centre [mm]

15

10

o
o

N
«

cycle 1-1

cycle 1-2
e cycle 2-1

e cycle 2-2

T T t T T

-5 -10 -5 0 5 10 15

<-S  Sliding displacement [mm]  N->

3

cycle 1-1

cycle 1-2
e cycle 2-1

e cycle 2-2

-5 -10 5 0 5 10 15

<-S Sliding displacement [mm] N ->





media/file37.jpg





media/file46.png
Y-displacement [mm)]

Y-displacement [mm)]

|
1

LI . . & . ! : o
force to the north =>
. . v. ‘- » ot - - .

L J . -
1
. - ™ f.
B g
5 i
. . . - -
.l
ot
® ) Y °

B ————

—11 -0.9 -0.7-0.5 03 01 01 03 0.5 07 0.9 11

—_—
. H > \“ i . . ..
. t‘ g "h“:-_-,__\ . - . :
N e }M—-:-—-\.,._.v.‘____ g

S
=

16
——-A—--16

14 ---2---1.4

12 --e---12

-—0-=1
--0:--0.8
—{— 0.6
—e— 0.4

10

o N OB~ O 0

-1.2

-0.8

-0.4 0.0 0.4 0.8 1.2

X-coordinate [m]

-4
-6
-8
-10
--0:--0.8
-12
-0 =--1

ceeeeee-1.2
0:---1.4
..... N -1.6

-0.8 -0.4 0.0 0.4

X-coordinate [m]

0.8 1.2

-0.6
-0.8
-1.0
-1.2
-1.4

. lY .-;v—” BT “ ; 'c . e o.l
<= force to the south™

- . . :. ‘e . K L . -

. . E N q -

s . .’ . . .

ol -"."-'\- o . -.I \‘.-. - .9
“"\—/:.i;_"’:mé..l\\ ‘3 L. . \\.\o - o
I aSma Rtties 2t pes oo UL . L\“o\ .
E St —'“ﬂs——-f“*—t—“?\ \\\ .

- N R
-.,--._’\,._'_____ r-—,—w-v'“—-‘\—‘q_\ : ‘?\\:t" .\\
— _‘.‘V'_,—;JLr\_J\.-—‘(F'_“-‘—A —"‘—i‘u__\-\\ \\. \ \ S ---—-‘—"-—.4
B e S et T gt R \\ : |
"“‘i’“"""\—"’“""“—;;%ﬂ
’“‘“W"’W‘\g\ \

c‘s)

-1.1 -0.9 -0.7-0.5-0.3-0.1 0.1 0.3 0.5 0.7 0.9 1.1

--0--0.8
—0— 0.6
—e— (0.4

Y-displacement [mm)]

-0.8 -0.4 0.0 0.4 0.8 1.2

X-coordinate [m]

Y-displacement [mm]

-0.4
X-coordinate [m]

0.0 0.4 0.8





media/file45.jpg





media/file29.png
Shear Force F, [kN]

Shear Force F,, [kN]

600

400

200

-200

-400

-600

600

400

200

-200

-400

-600

cycle 1-1
cycle 1-2

— === cycle 2-1

cycle 2-2

e CY/ClE 3-1
e CY/ClE 3-2

-2 -1 0 1
<-S Drift ¢ [%] N->
cycle 1-1
cycle 1-2
——r—= cycle 2-1
cycle 2-2
e Cy/CleE 3-1
e Cy/ClE 3-2

-2 -1 0 1
<-S Drift ¢ [%] N->

1200

800

I
o
(@)

-400

Shear Force F,, [kN]
o

-800

-1200

1200

800

I
o
(@)

-400

Shear Force F,, [kN]
o

-800

-1200

— == cycle 2-1

e CyCleE 3-1
e CY/ClE 3-2

cycle 1-1
cycle 1-2

cycle 2-2

-1 0

Drift ¢ [%]

1

2

N->

— == cycle 2-1

e cyCle 3-1
e CyCleE 3-2

cycle 1-1
cycle 1-2

cycle 2-2

Drift ¢ [%]

2

N->





media/file16.png
o
o~
—i

4-1-N

3-2-S

31N 3-2-N
2-2-S
3-1-S

S

2-1

o o o o o
o < <t o0 o~
! i

|

[ww] Juswade|dsip s0len)oe

150 200 250 300
time [min]

100

50





media/file20.png
Shear Force F, [kN]

Shear Force F, [kN]

600

400

200

-200

-400

-600

600

400

200

-200

-400

-600

cycle 1-1

Drift ¢ [%]

cycle 1-1

cycle 1-2

cycle 2-1

cycle 3-1
cycle 3-2

Drift ¢ [%]

Shear Force F, [kN]

Shear Force F, [kN]

1200

800

400

-400

-800

-1200

1200

800

400

-400

-800

-1200

cycle 1-1

-1 0] 1
Drift ¢ [%]

cycle 1-1
————— cycle 1-2
cycle 2-1

-1 0] 1
Drift ¢ [%]






media/file5.jpg





media/file31.jpg
Relative Y-displacement at the centre [mm]

Relative Y-displacement at the centre [mm]

ement - centre [mm]

Permanent Y-displ

15

10

0

s

10

Erryey
overz| E
ade21| g
ace22|  § o
—— ﬁ
adesz|  E
£ s
§
H o1t
H eycle 12
Lo - cycle 21
-t H eycle22
i ] eyde 31
2 s cyde 32
s o0 s 0 5 1 a5 a0 o s 1 x
<5 Slding displacement [mm] N> <5 Slding displacement [mm] N>
¥ s
/ E
S5 £
g o 2
| 3} \
HE
adet1|  § ayder1
——qder2|  § e 12
ade2t| 3 o - eyde 21
ade22| 3 ayde22
adest|  F ayde 1
e 32 & e
o 5 yde 32
a0 05 0 s 1 a