


All of the above models calculate the value of V. to be used separately in Eq. 5.1
indicating the fact that in all of them the shear degradation only affects the concrete

strength and the contribution of transverse steel reinforcement is calculated as:

VS = pwbw(d - C)nyC0t9 (EL] 57)

Where py denotes the ratio of transverse steel and 0 indicates the truss inclination in the
strut-and-tie model with the suggested value of 45 degrees (Moehle et al., 2001).
As a complimentary to Eq.5.6, Biskinis et al. (2004) suggested a more accurate model

wherein both V. and V; degrade with inelastic cyclic displacements.

Ve = ==min(N,0554,f,) + (1 - 0.05min(5, ")) [0.16max(0.5,100p,,:) (1 -

0.16min (5, %)) Vi Ag + Vs (Biskinis et al, 2004) (Eq. 58)

The shear strengths resulted from equations 5.6 and 5.8 fit the experimental data for a
vast range of parameters at their right hand side with the suggested range for the axial
load ratio, N/Agf ., from -0.01 to 0.85; shear span ratio, Ly/h, from 0.5 to 6.0; total
longitudinal reinforcement ratio, p,,;, from 0.55% to 5.5%; concrete compressive strength,
f ¢, from 13.0 to 113.0 MPa; and displacement ductility ratio, [, from 1.0 to 9.5 (Biskinis
et al., 2004).

All of the previously discussed models refer to the diagonal tension as the principal mode
of failure, the only model available in the literature that empirically calculates the shear
degradation model for shear walls and columns with diagonal compression failure mode

is the third model offered by Biskinis et al. (2004).
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N
Ve = 0.85 (1 = 0.06min(5, i5")) (1 + 1.8min (0.15,A—f>> (1
cJc

L
+ 0.25max(1.75,100pt0t)) (1 — 0.2min (2,%)) min(f/,100)b,,Z

(Biskinis et al. 2004) (Eq. 5.9)

Where Z=0.8L,, for the rectangular walls and Z=d-d "for the barbell sectioned walls.

The research on the externally applied retrofitting material e.g. FRP wraps or steel plates
on the shear degradation model of columns and walls is still on the early stages. Up to the
author’s knowledge at the date of preparing this thesis, no model was found in the
reported literature indicating the effect of external FRP wraps on the shear degradation

model.

5.4 BEHAVIOUR OF RC SQUAT SHEAR WALLS UNDER CYCLIC AND

MONOTONIC LOADING

As seen in the previous section, there are two possible methods of analysis considering
the loading scheme when modeling RC squat shear walls namely, incremental monotonic
and incremental reversed (cyclic analysis). In case of cyclic analysis, the main output
resulted from the analysis would be the load-displacement cyclic loops giving a general
idea about the type of behaviour and the quality of performance of the wall. One other
significant data achievable from the cyclic analysis is the total energy dissipation which
is the area occupied by the load-displacement loops. On the other hand, a monotonic
analysis also gives a general view of the overall behaviour and performance of the wall
but the data is only based on a one-step loading where the degradation of the strength of
materials through cyclic loading may not be considered. A detailed study on the output

resulted from the cyclic and monotonic analysis of FE-HCW (Hiotakis et al., 2004) is
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presented in the section. Figure 5.2 presents the lateral load at different top displacements

resulted from the cyclic and monotonic analysis.
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Figure 5.2 Lateral load-displacement results of the FE-HCW model under monotonic and
cyclic loading

In the monotonic analysis, the top displacement is applied to the model through
incrementally increasing substeps. The rate of applying the displacement is 0.2 mm at
each step resulting in a total of 136 data points for the analysis with several output data
available at each point. On the other hand, the cyclic analysis consists of 11 displacement
increments with two reversals at each increment resulting in a total of 45 loadsteps for the
analysis as shown in Figure 5.3 with the same rate as for the monotonic analysis. The last
two load increments are completed after the complete degradation of the wall model
strength in the cyclic analysis as shown in Figure 5.2 and the maximum top displacement
achieved before failure was 18.9 mm, on the other hand, the monotonic analysis

continued up to the maximum top displacement of 27.4 mm which is 45% greater than

97



the cyclic analysis result. The latter observation implies that the failure of the model is

highly dependent on the loading protocol: i.e. monotonic versus cyclic loading.
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Figure 5.3. Loading scheme in the displacement-controlled cyclic analysis

The cracking of concrete in the tensile toe region occurred at the first loadstep during the
cyclic analysis at the same load and displacement values as in the monotonic analysis. As
the loading continues in the monotonic analysis, the cracks propagate from the tensile toe
into the web of the wall and the vertical rebars in the tensile toe region start to exhibit
increasing tensile forces until the extreme layer of reinforcement bars (tensile tie) yield
under the tensile forces. Figure 5.4 shows the crack pattern and the rebars axial stresses at
3 different stages of loading namely, cracking, yielding and failure as obtained from the
monotonic analysis. Since the forces generated in the vertical and horizontal rebars were
not in a close range, the contour ranges in Figure 5.4 are only showing the vertical rebars
axial stress, thus the axial stresses in the horizontal rebars at the same analysis stages are

shown separately in Figure 5.5.
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Figure 5.4. Crack pattern and vertical rebar axial stress at various stages of monotonic

analysis of the FE-HCW wall model
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Figure 5.5. Horizontal rebar axial stress at various stages of monotonic analysis of the
FE-HCW wall model

In order to better understand the behaviour of the wall under the applied loads during the

monotonic analysis, the stress distribution over the wall is shown in Figure 5.6 at the

same three stages of loading. The development and increase in compressive stresses in

the diagonal strut of the wall is shown in Figure 5.6; also at final stages of loading, the

sliding shear stress at the bottom of the wall is visible, but the failure of the wall is due to

the crushing of concrete in the compressive toe under the flexural failure mode. As seen

in Figures 5.4 and 5.5, the behaviour of the wall in the early stages of analysis is more

flexural dominated considering the tensile and compressive stresses in the rebars at the

tensile and compressive toes.
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Figure 5.6. Stress distribution in the model at various stages of monotonic analysis of the
FE-HCW wall model

After cracking, as the cracks distribute through the wall web, the contribution of vertical
rebars (i.e. the tie) in the lateral load resistance increases and more layers of
reinforcement exhibit tensile forces, this phenomenon is shown in Figure 5.7 in terms of
the axial strains in the six layers of vertical reinforcement. The behaviour of the wall
model is also studied here in terms of the axial stresses generated in the horizontal rebars.
Figure 5.8 shows the axial stresses generated in the horizontal rebars in the 5 layers from
bottom to the top of the wall. From Figure 5.8, it is understandable that the three upper
layers namely layers 3, 4 and 5 start to contribute in the shear strength of the wall only
after the cracking and their tensile stress grows slowly as the analysis continues. The
contribution of horizontal reinforcement bars in the wall performance varies for different
layers at different stages of loading as shown in Figure 5.8. The stress in the first layer of
horizontal reinforcement start to increase significantly after yielding of the fifth layer of

vertical reinforcement but it did not reach the yield limit during the analysis.
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The axial stress in the second layer of reinforcement generated immediately after the
cracking and continued to increase almost linearly through the analysis but did not reach
the yield limit. The three upper layers of horizontal reinforcement start to contribute in
the strength of the wall after cracking in concrete developed into the middle regions and
the stress remains almost constantly in these three layers during the analysis as shown in
Figure 5.8.

In order to better assess the behaviour of the wall, the plane sections hypothesis (usually
used for slender walls) is also investigated by comparing the vertical displacement of the
wall at 2 different sections through the height of the wall namely H/2 and H/8 where H is
the height of the wall in 4 stages of analysis namely, pre-cracking, post-cracking, yielding

and failure as shown in Figures 5.9 and 5.10.
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Figure 5.9. In-plane deformations in mid-height of the wall at 4 loading stages during the
monotonic analysis of FE-HCW
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Figure 5.10. In-plane deformations in 1/8-height of the wall at 4 loading stages during the
monotonic analysis of FE-HCW

As shown in Figures 5.9 and 5.10, the plane sections at 1/2-height of the wall retain their
shape in different stages of the analysis but the shape is highly distorted at 1/8-height of
the wall. Figure 5.11 shows the vertical displacement of 5 selected points along the wall
length namely, the tensile edge, the second vertical rebar layer, mid-length, the fifth
vertical rebar layer and the compressive edge of the wall at different elevations namely,
section-A (1/36-H), section-B (1/8-H), section-C (1/4-H) and section-D (1/2-H). At the
bottom of the wall, the load-vertical displacement curves for the three interior points
namely 2, 3 and 4 are almost equal indicating a flat surface in the web of the wall but the
tensile and compressive edges of the wall exhibit more vertical deformations. This
indicates that the plane section at the bottom of the wall deforms significantly during the
analysis. As we move through the wall height, the difference between the vertical
displacements of the points along the wall length increases indicating the invalidity of the
plane sections hypothesis, and that the wall is on the verge of following a strut-and-tie

model as its H/L=1.193.
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Figure 5.15. Lateral load vs. maximum rebar axial strain for the six vertical rebar layers
of FE-HCW model
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5.5 INFLUENCE OF CONCRETE STRENGTH ON THE SEISMIC

PERFORMANCE OF RC SQUAT SHEAR WALLS

Changing the value of f°; influences the material properties of concrete defined in the FE
model in ANSYS in three different criteria as described previously in Chapter 3 namely,
the initial modulus, the stress-strain relation and the smeared cracking model. In order to
study the influence of f’; on the seismic performance of squat shear walls, the FE model
studied earlier in this chapter is analysed with six different ¢ values. The compressive
stress-strain curve for different values of concrete compressive strength is shown in
Figure 5.17. The compressive strength also influences the tensile strength of concrete
which is used to define the cracking stress in the smeared cracking model. Figure 5.18

shows the tensile strength varying by changing the value of ..
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Figure 5.17 Compressive stress-strain relationship of concrete for different values of f°¢
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In order to study the influence of £’ on the performance of the walls a total of six walls
with various concrete compressive strengths are modeled and analyzed under monotonic
and cyclic loadings. The nominal shear capacity of each wall is calculated using
equations 5-6, 5-8 and 5-9 for different displacement ductility values then the cyclic and
monotonic curves are matched with the load-displacement ductility using the yield
displacement from each analysis separately. The displacement ductility () is calculated
by dividing the displacement by the yield displacement at each level of the analysis. The
value of yield displacement is achieved from the analysis as the displacement where the
first vertical rebar reaches the yield strain limit i.e. 0.002. The load-displacement ductility
curves as well as the nominal shear capacities are shown for each wall model in Figure 5-

19.
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The main observation made from the above figures is that all of the FE wall models
showed higher strength levels than those of the diagonal tension failure mode as provided
in Biskinis et al. (2004) in Eq. 5.6 and 5.8. Those would imply that the results of the
current FE models anticipate that the diagonal tension is not the case of failure mode. On
the other hand, however, the FE results showed that none of the wall models reached the
diagonal compression failure mode limits, affirming Biskinis et al.’s Eq. 5.9 predictions.
The failure of the FE models of the walls was due to the crushing of concrete in the
compressive toe under monotonic loading and due to sliding shear under cyclic loading.
The latter observation for walls subjected to cyclic loading indicates that in order to have
the failure mode as diagonal compression this requires significantly higher flexural
strengths combined with prevention of the sliding shear. It is worth mentioning that the
modelled walls were not subjected to axial load that could have increased the possibility
of eliminating the sliding shear failure mode.

As previously shown in Figure 5.18, the tensile strength of concrete increases with f°¢
which influences the wall cracking load, the wall cracking force resulted from the cyclic

and monotonic analysis is shown in Figure 5-20 for different values of f’..
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Figure 5.20. Wall cracking load for different values of f’ resulted from cyclic and
monotonic analysis
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Figure 5.21. Load corresponding to the yielding of the first vertical rebar for different
values of f’; resulted from cyclic and monotonic analysis

The analysis shows an incremental linear increase in the wall’s cracking load upon
increasing the f°.. The cracking load resulted from the cyclic analysis is on average 14%
less than the load from the monotonic analysis because of the reduction in the stiffness of
the wall after cracking in the push direction. The load corresponding to first yield of

vertical reinforcement also increases with the increase in f°. as shown in Figure 5.21.
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Figure 5.22. Effect of the fc’ on the displacement ductility capacity of the studied walls
when subjected to cyclic and monotonic lateral loads
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Figure 5.22 shows the displacement ductility capacity for the modelled walls at different
f’. values when subjected to either cyclic or monotonic lateral load. From the figure, it
could be seen that the ductility of the wall increases with the increase in the concrete
compressive strength. The figure also shows that the displacement ductility capacities of
cyclically-loaded RC shear wall models are typically less than their counterpart wall
models that are monotonically loaded.

Figure 5.23 shows the energy dissipation by the ductile behaviour of the wall calculated
from the area enclosed by the cyclic load-displacement curve for each wall. The energy
dissipation significantly increases by the concrete strength due to the capability of the

walls to complete new load cycles at larger displacement levels.
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Figure 5.23. Effect of £ on the wall’s energy dissipation capacity for cyclically loaded
walls

The wall models are evaluated with respect to the four main performance levels defined
by FEMA (1997) namely: Fully Operational (F.O.), Operational (O.), Life Safety (L.S.)
and Near Collapse (N.C.). Figure 5.26 shows the monotonic shear force-deflection curves
for the wall models with various concrete compressive strength values. The low strength
walls 1.e. UW-20C, UW-25C and UW-30C only passed the F.O. and O. Performance
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levels and failed before reaching the L.S. level while the UW-35C model could barely
reach the L.S. performance level. Both high strength walls UW-40C and UW-45C passed
the L.S. performance level but only UW-45C wall completed the performance by

reaching the N.C. level.
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Figure 5.24. Lateral force-deflection relationships of the studied walls with various f’.
values along with the seismic performance levels

5.6 BEHAVIOUR OF FRP-RETROFITTED RC SQUAT SHEAR WALLS

UNDER CYCLIC LOADING

Applying one vertical layer of CFRP on the surface of the shear wall on both sides have
been experimentally tested by Lombard et al. (2000) and Hiotakis et al. (2004) as seen in
the previous chapter. The main influence of retrofit on the shear wall behaviour in this

method is the increase in the flexural capacity by strengthening the “tie” in the strut-and-
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tie model. The FE-HSW1 model from chapter 4 is discussed in more details in order to
study the influence of the FRP external reinforcement on the behaviour of the wall.
Figure 5.25 shows the crack pattern and the rebar axial stresses in the three main stages

of analysis, namely cracking stage, yielding stage, and ultimate stage.
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Figure 5.25. Crack pattern and rebar axial stress at various stages of cyclic analysis of the
FE-HSW1 wall model

Comparing the current results with the results from the analysis of the HCW model
(Figures 5.12 and 5.13), it is seen that the cracking pattern and stress distribution in the
rebars are not significantly different at the load corresponding to the yielding of the
extreme layer of vertical rebar in each cycle. At the ultimate loading stage, the stress
throughout the whole length of the two extreme layers of vertical reinforcement reaches

the yielding limit; also, the horizontal reinforcement in the mid-height exhibit yielding at
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the ultimate load in pull direction. Crushed concrete elements are visible in both toe
regions of the wall as well as the web region due to the extensive shear stresses induce
into the wall regarding the extra flexural capacity provided by the external FRP

reinforcement. The axial stresses in the FRP elements are shown in Figure 5.26.
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Figure 5.26. FRP axial stress at various stages of cyclic analysis of the FE-HSW1 wall

model

The tensile stress in the FRP layer reached the fracture limit in the tensile toe region of
the wall at the ultimate load. There is no compressive stress generated in the FRP layer
during the analysis because of the tensile-only element used in the modeling as explained
previously in chapter 3. Figure 5.26 shows that the axial stresses generated in the FRP

layer in the web region is negligible compared to the two edges of the wall. This indicates
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that applying FRP only to the edges of the wall would have the same influence on the
behaviour of the wall regarding the distribution of the internal forces through the wall.
Figure 5.27 shows the stress distribution over different regions of the wall in the FE-

HSW1 model at three stages of the analysis.
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Figure 5.27. Stress distribution in the model at various stages of cyclic analysis of the FE-
HSW1 wall model

The distribution of stress over the wall shows that due to the significant increase in the
strength of tie (due to the addition of vertical FRP, and their effectiveness at the wall
ends), the strut exhibits high stresses and the diagonal tension would be the case for the
failure mode because of the low amount of horizontal reinforcement. The stress
distribution complies with the high tensile stresses generated in the horizontal
reinforcements as shown earlier in Figure 5.25. Figures 5.28 and 5.29 show the strain in

vertical and horizontal reinforcement bars during the cyclic analysis.
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Although the vertical reinforcement bars exhibit yielding but the strains did not go well
beyond the yielding strain compared to the strains resulted from the unretrofitted wall
(HCW) due to the low flexibility of the FRP layers which also resulted in limited top
displacement. Unlike the vertical rebars, the strains in the horizontal reinforcement layers
increases compared to the HCW model. The third layer of horizontal reinforcement
yielded during the analysis but the strains in the other four layers remain within the

elastic limits.

5.7 INFLUENCE OF CONCRETE STRENGTH ON THE SEISMIC

PERFORMANCE OF FRP-RETROFITTED SQUAT SHEAR WALLS

The influence of ¢ on the performance of retrofitted walls is discussed in the section. In
order to compare the results of FRP-retrofitted RC shear wall models with those of the
unretrofitted walls, the same loading history is used. The retrofit method used complies
with the HSW1 specimen from the experimental works of Hiotakis et al. (2004). Since
the bonding interface model (Lu et al., 2005-a) depends on the tensile strength of
concrete, the bond interface elements are updated in each model based on the f’; of the
model accordingly.

Figure 5.30 shows the lateral load-displacement ductility curves of the FRP-retrofitted
walls with various values of f*; between 20 MPa and 45 MPa. The concrete compressive
strength influences the performance of the FRP-retrofitted walls in two ways by affecting
the overall strength and ductility of the wall as shown previously for the unretrofitted
walls and also influencing the strength of the bond interface between FRP and concrete

surface.
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walls with various f’. values
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Figure 5.31. Effect of £’ on the FRP-retrofitted wall’s ultimate load carrying capacity

Figure 5.31 shows the influence of f’. on the ultimate load carrying capacity of FRP-
retrofitted walls. The concrete compressive strength significantly affects the ultimate
load. On average, the ultimate load carrying capacity is about 46% higher for the wall

with £ :=45MPa as compared to that of the wall with ;=20 MPa.
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Figure 5.32. Effect of the f°; on the displacement ductility capacity of the FRP-retrofitted
walls when subjected to cyclic and monotonic lateral loads

The ultimate displacement of the FRP-retrofitted walls is significantly lower than the

unretrofitted walls, thus the displacement ductility of these walls is generally less than
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that of the unretrofitted walls. The change in the displacement ductility of the FRP
retrofitted walls with the variation of f°¢ is shown in Figure 5.32. From the figure it can
be seen that the displacement ductility of the FRP-retrofitted walls is not particularly

influenced by the concrete compressive strength.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

Establishing effective retrofit methods for upgrading the seismic performance of existing
reinforced concrete (RC) shear walls requires a reliable means for estimating the
behaviour of RC shear walls with various geometry and internal reinforcement
configurations when subjected to different combinations of axial and lateral loads.
Generally, experimental testing of retrofitted RC shear walls is considered as the most
reliable method of performance evaluation, yet this requires great efforts in terms of the
testing equipment and time in addition to the high cost. On the other hand, a numerical
model that would consider the main parameters that influence the complex performance
of original and retrofitted RC shear walls is seen to be an effective and promising tool.
Such analytical approach would be particularly useful for parametric studies and
development of code provisions for the design or evaluation purposes. Despite the wealth
in research information in the area of retrofitting RC bridges using fibre-reinforced
polymer (FRP) composite materials, yet the experimental and analytical research in the
area of assessing the seismic performance of FRP-retrofitted RC shear walls is still in its
early stages. A number of experimental tests are available in the literature which could be
used for the primary verification of possible numerical analyses. Similarly, a number of
numerical and analytical approaches are available with a great potential for

improvements in order to converge into a precise and usable analytical approach. Finite
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Element (FE) modeling of reinforced concrete structural elements deals with the
composite behaviour of concrete material with the embedded steel reinforcement and
possible additional externally bonded/anchored retrofit reinforcement, such as FRP.
Appropriate use of elements and meshing techniques that closely represents the
composite nature of the steel-reinforced concrete with or without FRP is a key factor in
numerical simulations for the predicted behaviour of RC shear walls.

In this thesis, the FE modeling of RC shear walls using general purpose FE package
ANSYS were explored. A total of seven experimentally tested wall models from four
experimental programs were selected and analysed under monotonic and reversed cyclic
loading and the numerical predictions were in good correlation with the experimental
data. One of the experimentally tested models was selected for further detailed
investigation on the effect of various design parameters on the behaviour of the squat
walls and their modes of failure, namely the influence of the concrete compressive

strength and the addition of one layer of externally-bonded vertical CFRP sheet.

6.2 CONCLUSIONS

Based on the results of the FE analysis on the modeled shear walls and the extended
parametric study investigation, the following conclusions were drawn:

General conclusions on FE modeling of RC shear walls

1. The SOLID65 element provided in the elements library of ANSYS is capable of
simulating the behaviour of shear walls under the applied monotonic and cyclic

loading with a good precision.
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2. The LINK180 element provided in the elements library of ANSYS is capable of
simulating the behaviour of embedded rebars and external reinforcement with
good precision and convenient output data capabilities, but it does not simulate
the rebar dowel action along the element’s normal plane which results in a
premature failure in some cases under cyclic loading.

3. The COMBIN39 element provided in the elements library of ANSYS is capable
of simulating the bond-interface between external reinforcement and the surface

of concrete with good precision.

For the studied unretrofitted squat shear wall FE model

1. The performance of unretrofitted shear wall model is sensitive to the loading
protocol on the wall. The monotonically loaded wall model exhibits higher
ultimate displacement and higher displacement ductility compared to the
cyclically loaded model.

2. If the diagonal tension mode of failure is prevented by sufficient providing
horizontal reinforcement, the failure mode of the squat wall will become flexural
in the absence of axial compressive force.

3. The concrete compressive strength significantly influences the displacement
ductility of the wall model.

4. The concrete compressive strength significantly influences the seismic energy
dissipation capacity of the model.

5. The concrete compressive strength significantly influences the loads correspond

to the first cracking of concrete and first yielding of the reinforcement bars.
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6. The sliding shear was the dominating failure mode for the wall models subjected

to cyclic loading in the absence of axial compressive forces due to the incapability
of the used reinforcement elements in providing the extra shear resistance by

means of the rebars dowel action.

For the studied FRP-retrofitted RC squat shear wall FE model

1.

Addition of an external layer of vertical FRP to the wall model significantly
influences the failure mode of the wall by providing a great additional flexural
strength to the wall. The model mode of failure migrates from the sliding shear
failure mode to diagonal tension after strengthening by vertical FRP
reinforcement.

The concrete compressive strength does not significantly influence the
performance of the FRP-retrofitted wall models. However, the ultimate load
carrying capacity of the wall significantly increases by the concrete compressive

strength.

6.3 RECOMMENDATIONS FOR THE FUTURE WORK

The author strongly recommends further numerical modeling of a bigger group of

experimental work in order to achieve the following objectives:

1.

In the case of squat shear walls, the axial forces significantly influence the
behaviour of the wall; this phenomenon should be investigated through a series of

models subjected to different axial load levels.
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The effect of horizontal reinforcement ratio on the failure mode of unretrofitted
and retrofitted walls should be investigated through a series of models with
different horizontal reinforcement ratios.

The use of beam elements with rotational degrees of freedom for the vertical
reinforcement bars could resemble the rebar dowel action and solve the premature
failure of the model under cyclic loading but it may affect the other results of the
analysis and impose additional sophistications into the analysis; this could be
studied through a comparative modeling.

Other methods of application of FRP sheets to the surface of the walls should be
modeled and the most efficient methods would be introduced by comparing the
different aspects of the influence of each method on the performance of the wall.
The case of wall panels with top moments, axial and lateral forces would be a
major achievement in the modeling.

The use of steel plates as the externally bonded reinforcement as a retrofit method

through a series of numerical modeling and experimental testing.
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