Shear stiffness degradation of
RC walls under varying axial loads

T. Kabeyasawa (Tokyo Metropolitan University)



Background

Existing Model Actual Condition

Qverestimate

Large shear contribution
Strength and Stiffness

« The degrading factor of shear stiffness did not consider the effect of the varying
axial load in Japanese design model.

. The shear stiffness of the tensile wall did not decrease, the contribution of the shear
force from the column was underestimated as above.

« A modified frame analysis method is proposed using FEM algorithm, and its
accuracy is verified by loading test of RC walls under varying axial load 5



Specimen

Wall

C1: 400 % 480mm(p,=1.66%)
C2: 240 X 240mm(pg=1.49%)
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Loading System
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Test Result (Single-Story) M/Q=8m, Axial load ratio 0.08

The strength does not deteriorate up to 2% drift ratio

Failure mode was flexural failure

(axial compression failure on the compression side, horizontal shear cracks on the tension side)




Envelop Curve (Single-story specimen)

The compression wall contributes almost all of shear force
the tension side falls to approximately 0 as deformation increases from 200kN.

Total shear corresponds to the calculation flexural strength as a single wall with an opening.

2000 , u I I :

1800 - |

1600 - ~ i

/~ f"‘\ /“'// )

1400 ----f~¥--VFf---—-f-»~--————--4Y{---——--"-"--"--"----—- -
Z 1200 |
— 1000 i
©
')
< 800 ]
@ Total shear

——To
600 ——Tensile wall |
400 Compression wall
----Qsu
200 | /\'\,\ ~Qmu
0 | L
0 25 3

1St story drlft (%



Load-displacement relation of single wall

Maximum shear force of compression side wall

Q, = 1565 kN  t, = 16.3(MPa)

2000 . |
Ty/op = 0.31 —Flexural failure

1500
% 1000 | Design strength of one-side compressive wall
~ with the M/Q is 1.4m
o 200
(0))
= Qusy = 927 kN

D — Under estimate walls shear strength
_500 with high axial forces (about 0.5 times)

= 1379 kN
Story drift (%) wsu

(without upper limit of equivalent wall thickness ratio t, <1.5t)



Test Result (Two-Story) M/Q=6m, Axial load ratio 0.06

Transverse reinforcement yields at 0.25% drift, and strength deteriorated gradually.

The shear compression failure occurs on the compression side and horizontal shear cracks on the tension side.




Envelop Curve (Two story specimen)

The maximum shear force far exceeds the design shear strength of a single opening wall.

The compression wall contributes almost all of shear force
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Load-displacement relation of single wall

2000

1500

= 1000 |

500

Shear (k

Story drift (%)

Maximum shear force of compression side wall

Q, = 1941 kN  t, = 20.0(MPa)

T,/og = 040 — shear degradation

Design strength of one-side compressive wall
with the M/Q is 1.4m

Qusy = 879 kN

—  Under estimate walls shear strength
with high axial forces (about 0.5 times)

Qusy = 1299 kN

(without upper limit of equivalent wall thickness ratio t, <1.5t)
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Japanese design shear strength (Hirosawa Formula)

Empirical Formula derived by database of wall tests

Limited test data in axial load, shear span ratio, and material strength

0.068p,,°%23(F,. + 18) ,
sy = { M/QD +0.12) + 0.85,/pwnowy + 0.10¢ ¢ tej

Die . Equivalent Tensile Reinforcement ratio (%)

o . Transverse reinforcement ratio  (<0.012)

0y . Transverse reinforcement yielding strength

M/QD : Shear span ratio (1 <M /QD < 3)

t, :equivalent thickness equalized to square section (<1.5t)

o :  Axial stress on full section



FEM analysis

Pushover analysis was performed using two-dimensional finite elements.
The superstructure was treated as a rigid body with external force heights of 8m and 6m.

Concrete: Modified Ahmad model, embedded steel bars: Modified Menegotto-Pinto model (truss)

8000

6000
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FEM analysis on single-story test
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The analysis results slightly overestimated the strength, but shows similar envelop curve.

Compression side wall contributes almost all of the shear force as well as test.
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FEM analysis on two-story test

The envelope curves are consistent with the test results.

Compression side wall contributes almost all of the shear force as well as test.
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Stress and Damage Pattern on FEM

no axial compressive failure occurred in the wall panels, and only the outer column bases softened.
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Stress- Strain relation in gaussian point (FEM)

Concrete Steel rebar
E- 0 0 Ex
=|[T]| 0 E, O[T <€y>
0 0 G, )4
cos?0 sin0 cos@sinf
= sin%6 cos%6 —cos0sin6
—2cosfsin®  2cosBsind  (cos*6 — sin*0)

Calculating the invert matrix
component

Shear stiffness Kg = Lo , f“ECZ - Principal stress directionfand
Y 2(Ecs5in“0 + Ecpc05%0) concrete axial stiffness

function



Proposal of “Axial-Shear model”

Invert

Matrix
o, O O O /e Ex O O 0Of /g
(ay)= O O O <8y> » <€y>= o O O Lateralstress is 0
T K, K, Kz|\Y Y Fi F, Fs

_ T T 1 1
Shear stiffness K, =-—= Fo T F — (072 — I
Y 10 3T
x (21«“1 2+ F3> (ZF1 tan7g T F3>

‘ Substitute F;, F5; and Transformation

Ks = bale (Function of Principal stress direction 6
S = 5F im0 L E-cos20 unction of Principal stress direction
(Eca € ) and Concrete axial stiffness E, in those directions)
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Degrading shear stiffness — principal strain direction

Compression WithoutAxial load Tension

E. : Tensile stiﬁh—ess of concrete.in principal strain direction
TRa \

12000 ~_ \
~J \

E .
\ Shear stiffness
E. x0.5 degrades by

tensile cracks
---100% stiffness
= 50% stiffness e
. ~+ 10% stiffness

Degrading shear . ad 40 60 80 Degrading shear
principal strain direction (degree)

StIffNess is 1arge ——————————S stiffness is small

I

Shear stiffness (N/mm?)
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Shear stiffness from material stiffness in principal direction

Concrete Steel rebar
Oy E4 0 0 o0 E. 0 0] /&
ay>: TI| 0 Eem O|[TIE+| 0  pyE; O <ey>
T 0 0 G 0 0 ofl\Y

- Reflecting the rebar term in the formula

_ (¢ + pyEsyb)c
2ac + pyEg,(c + ab)

a = E.;sin*0 + E.;cos%0, b =E.c0s*0 + E.,sin’8, c¢=EE.

E i, E.,: Elastic modulus of concrete in the tensile and compressive directions

6: principal direction, Eg,: Elastic modulus of reinforcement, p,,: wall reinforcement ratio
19



Step1: Calculate stress and strain from forces and

deformation of shear and axial spring in TVLE models

| @) |
O = O
Compressive force
Axial spring for side column
for wall panel (N¢1)
g (Saxial: N ) %
. Shear spring for
Ten_sne TOrCE wall with columns
for side icolumn A (8enoarsQu)
(NSZ) snear »’xw
<\ /@1 )
| A J
Acz Acq
Ay

Average axial and shear stress g, 14,,

Ny + N¢1 + Ne Quw

o = T =
Ay, + A + AL VoA, + A

Average axial and shear strain g, vy,

6axial . Sshear

H, Yxy = H,

Ex =
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Step2: Record the principal stress angle 6 and

the principal tensile strain ¢, at the step where cracks occur.

Shear stress Shear strain Loading step in concrete cracking
Txy 2
Axial _9 2 2\ _
/ e 01 =7 +ery +<2) = 0.33,/f.
/SA’?rieaSlS \ Ed SeT T ension 2 v v
tan20 = | —2 ), epp = £ — —— + —
< o ) bor = 5 T Dtan20 ' 2sin26
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Step3: Substitute reduced concrete stiffness n,E.{, N, E., from
the principal tensile strain ¢; and angle ¢ after cracking step

Txy Txy
— >
¥ 2tan20  2sin20 (> &cr)

(supposed fixed crack direction model)

&1 = ¢

1 Tensile principal strain Compressive principal strain

0.33Vfe 3 E c 1.4 fe [ 1
| c1 cr AV AR =
: =—=132—] <1 T &
| =g (81 ) Mafe b=t 0.8 + 0.34(¢, /¢,)
LEc1 — |
‘ _"-\\€ 2:
Ecr €1 & Ec g
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Step4: yielding of reinforcement and shear failure

If the wall reinforcement yielded, substitute the secant stiffness E,," for calculate Kj

fgy : ®
\ i 1
[ v | &y = &+ Vay e (> &5y)
¢ Bsy |
Esy €y
Shear failure when compressive principal stress g’ reaches the concrete strength
1

72 fe o Q o Na
" Ac +ty,(x, —D.) ’ ol Ay

1 D C
1 tw, g

24
— |

L

Xn
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Frame Analysis (TVLE model & Axial-Shear model)

- Frame analysis with wall model of conventional Three Vertical Line Elements
- Frame analysis with wall model of Three Vertical Line Elements with axial shear spring

- Axial-Flexural Interaction is reflected in central flexural spring

Lateral Load ‘ Axial Load ‘

Y

Lateral

Load § Axalload P
» ]

£101S onse|3

8m
£101S onse|3
6lm

Single story

Two story
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Load-drift relation in test and analysis (Conventional)

In contrast to the test results, the shear contribution is almost the same
for tension and compression walls, and shear failure occurs in the model.
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Load-drift relation in test and analysis (Proposed model)

The proposed analysis method makes it available to simulate the test results
in which the compression side wall carried almost all the shear force.

0 & = T
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Shear force-shear drift relation in test and analysis

The shear stiffness does not degrade in the compression side wall,

while the shear force approaches 0 after cracks occur in the tension side wall.

2000 \ T :
———Proposed model (compression) 2000 Proposed model (compression)
——Proposed model (tension) Proposed model (tension)
1500  Test result (South Wall) | 1500| Test result (South Wall)
——Test result (North Wall) — Test result (North Wall)
........ GCurrent model (tension) ==+ Current model (tension) _
1000 [l Current model (compression) i 1000/ Current model (compression)
Z 500t g i | 500 -
o L .
I
o 500 | /
< -500r |
=T -1000 -/
-1000 f
1500 -
-1500 F
2000 ‘ | . | single—story specimen
| ‘ — ‘ two—story specimen -15 -10 -5 0 5 10 15
-2000 ;
-15 -10 -5 0 5 10 15 shear deformation (mm)

shear deformation (mm)
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Load-drift relation in test and analysis (modified model)

Flexural stiffness is underestimated because the wall panels and columns are separated.

The cross-sectional area for flexural stiffness was assumed to be large.
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Inflection point height

- height does not change much until the ultimate state in TVLE model.

- The axial shear model represents height on the compression and tension side wall

* The shear span of tensile wall is slightly underestimated at cracking in two story test specimen.

The span length increased after cracking in the axial shear model.

8 T | | 8 T T T
— Test — Test
7t — TVLE (Tensile) 7t — TVLE (Tensile) .
TVLE (Compression) TVLE (Compression)

6" === Proposed (Tensile) 6 — Proposed (Tensile) ]

5L Proposed (Compression) 5| Proposed (Compression) [} i
E O Shear cracks ;E O Shear cracks
S4r (Proposed) o4 (Proposed) 7
= =

3t {1 “3t | 1

2 [ Crack N 2 [ e //4_{ ¢ \CraCk =

1t : 11 — '!"-*

Single story \ ( Two story
0 | | | [l 1 1 | 0 | | 1 1
-2000 -1500 -1000 -500 0 500 1000 1500 2000 -2000 -1500 -1000 -500 0 500 1000 1500 2000

Wall shear (kN)

Wall shear (kN)
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Cyclic Loading with Panel Element model

(1) Axial Shear model (Tangent Stiffness) (2) Panel Element model
(@) yZ
Pin Flexural spring- Pin N M
(Elastic) X1 X2
o ) )
Axial Spring
§ % Axial Spring gE;_ ® ® ° =
Shear spring
(Nonlinear) (5] ] (5]
Foural spring g SN Vi
i (Nonlinear .
Pin ) o Pin X3 JC4
folw rdxl\
A F. dyq
>0 ¥ ¥
b= b o Fyz dyo
GE') 8 FyZ t dyz
unload < K <0 3 % = tﬂ[B] [D][B] dxdy 4 >
<§D <2 ° A 0 Fx3 dx3
<
rotation x Shear drift Fys dys
> > Fx4 dx4
kFyU LdyU

Unbalanced between shear and moment  there is no need to consider balance.
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Cyclic Loading with Panel Element model

Cyclic

Load ‘ Axial Load ‘y

Y

1015 onse|3

Cyclic
Load»‘ Axial Load ‘.
I |
AL O O
(ri)'_ L ] L ] [
=
n
& - S
<
E .
w
Single story Two story
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Comparison of Test result and Analysis Result

2000

1500

Total shear
— Tensile side =,
Compression side i il

1000 |
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o
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Total shear
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Analysis |
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2000

1500
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1000 1

500 |

=500

-1000 §

-1500 ¢

-2000 f
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Test result |
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2000

1500
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1000 |

500

=500

-1000

-1500 |

-2000 |
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Test result.

-0.02

-0.01 0 0.01 0.02
Drift ratio (rad)
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Wall Element tests with various axial load

- Loading tests on TMU 4 test specimens, Kyoto 3 test specimens

- The specimen was a 40% scale specimen with a symmetrical cross section.
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= —_ 200 | L 200 N
[ T B
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200 . 1080 200

1480




Accuracy check of axial shear model

Frame Type Specimens

Shear span ratio

Axial load ratio

qu/Qmu

Single-story | 0.79(Comp), 0.54(Tensile) 0.24(Comp)~-0.15(Tensile) 0.34(Comp), 0.46(Tensile)
Two story 0.28(Comp), 0.38 (Tensile) 0.20(Comp)~-0.12(Tensile) 0.13(Comp), 0.43(Tensile)
Wall Element Type Specimens
Specimen TOO C10 C15 C30 C40T75
Shear_span 0.86
ratio
n=0.40
Axial load ratio n=0 n=0.10 n=0.15 n=0.30 n=-0.75
(steel bar)




Accuracy check of axial shear model

T00 c10 G15T00
1000 | 1000 | 1000 :

900 Axial load ratio [ 900 Axial load ratio 900 Axial load ratio H
800 0.00 0.10 H 800 = 0.15

Uy
o — //7
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Shear Force[kN]
3
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- I

- 0 -
0.01 0015 002 0015 002
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0 0.005 0.01 0015 0.02
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c30 c40
I ! 1000
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0.40 I o -0.75 A0,

1000 T C40T75

1200

Axial load ratio ||
0.30 1 1000

800 700

600

500

600

400

Shear Force[kN]
Shear Force[kN]
Shear Force[kN]

400

p . / y e

4 200 T —

200

0.01 0,015 0.02 oqts L




Parameter study of Axial shear model

- An analysis was carried out using wall thickness ratio, shear span, and concrete strength as parameters.
- The ratio of the design strength Q. to the ultimate strength of the axial shear model was examined.

- All parameters increase linearly with respect to the design strength Q..

¢ Analysis (Shear) O Analysis (Flexural) + Test (Shear)

. 2 | | 2 . 2
© S : !
Q ! ' : &
S 15 . 15 s 15 o & 8
— | & !
<) O 0 O Cb O !
- 1 | | 1 ! 1
©) | |
£ | : |
-0.5 l l 0.5 : 0.5
o | | !

0 — 0 +— 0

0 1 2 3 4 1 1.5 2 20 30 40 50 60
M/QD (t,/t) FcIN/mm2]
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Concluding Remarks

v' Shear contribution of the tensile wall was very small compared to that of the
compressive wall, and much lower than the calculation shear strength in Japan.

v An axial shear model considering the correlation among shear stiffness,
principal tensile strain and principal tensile direction was proposed based on
the algorism in FEM.

v Using the proposed model, it confirmed the analytical accuracy of the load and
deformation relationship of structural walls with varying axial load.

v The response to the cyclic loading was simulated with the Panel Element model.

v' The accuracy of the conventional Japanese shear strength formula becomes
significantly lower when the axial force, shear span, equivalent wall thickness
ratio, and concrete strength exceed the assumed values in empirical formula.
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