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Use of experimental data to develop probable behavior for structural components
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ABSTRACT: The primary objective of earthquake structural engineering research is to ensure the safety of

structures by understanding and improving a design methodolgy.

Ideally, this would require the

development of an analytical model related to a design methodolgy that insures a ductile performance.
For the accurate assessment of the adequacy of an analytically developed structural model, experiments
conducted to study the inplane inelastic cyclic behavior of structures should verify the analytical
approach, The fundamental goal of this paper is to present and demcnstrate experimentally verified
analytical methods that provide the adequate degree of safety and confidence in the behavior of
reinforced concrete structural components. This study further attempts to extend the developed modeling
technique for use by practicing structural engineers for both the analysis and design.

1 INTRODUCTION

¥hen a structure is loaded at its near-maximum
capacity it should be capable of demonstrating
enough toughness or ductility to undergo the
deformation required to avoid brittle and
catastrophic failure. Extensive attention has
been paid to «clarify the flexural failure
mechanisms to the extend that well understood
conclusions incorporated into design concept have
been drawn.

Structures in general evolve through several
identifiable states of behavior until they fail.
Cracking limit state, yield limit state, and the
maximum load limit state have been considered as
the key limit states in this paper. This paper
attempts to analytically identify the behavior
states and the limit states of structural
components based on stress strain curve of both
confined and unconfined concrete structures.
Computer program developed can perform inelastic
analysis of structural components based upon a
stress strain curve provided by the user or the
Kent-Park stress strain curve as modified in this
paper. The optional analyses include an
interaction diagram and a moment curvature
diagram. The system displacement ductility is
also calculated to see how ductile structures
under consideration are. Strain hardening in
reinforcing steel may be allowed.

Sixteen story height reinforced concrete masonry
shear walls have been tested and the sensitivity
of response is studied to various design
parameters and the load conditions, such as amount
of vertical and horizontal reinforcement and the
applied axial stress. Experimental data obtained
in the test have been compared to the analytical
data, indicating the accuracy of the analytical
model .
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Fig. 1 Stress-strain curve for confined and
unconfined concrete masonry after kent and

park(1).

2 ANALYTICAL MODELING OF THE CAPACITY
OF STRUCTURAL COMPONENTS

2.1 Modified Kent-Park stress strain curve

Figure 1 depicts a typical stress strain curve for
confined and unconfined concrete after Kent and
Park the parameters of which the user may specify.
In this study parameters that constitute the
Kent-Park stress strain curve have been identified
for the shear structures through database
collected from the 2 wall experimental study.
Users may use their stress strain curves upon
which the calculation of the mean stress factor,
a, and the centroid factor, », is made.

2.2 Structural mechanics

Equations (1) and (2) show the equilibrium
equations for the concrete section with both
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Equation (4) indicates the distance from the
plastic centroid to the centroid of the tension
steel of the section. To generate the moment
curvature relationship nmoment capacity is
calculated for each strain level allowed to
increase to the maximum strain level that
structures may resist, For each strain level
iteration technique is employed to adopt the
location of neutral axis, kd, which satisfies the
internal force equilibrium equation. Then next
step is to «calculate stress level of the
reinforcing steels. Three cases of steel layers
are considered in this study. In case 1 the bars
are only distributed uniformly around four faces.
All faces must have the same number of bars.
Total number of bars must always be an integer
multiple of four, Case 2 has the bars at layers
distributed uniformly over the depth. Each layer
must have at least two bars, All bars in the same
layer are of the same size. Total number of
layers must be at least two. In Case 3 the bar
groups {one, two or more bars in a group) are
located in any desired position.

2.3 Modeling of confined concrete

For a confined concrete at large strains it is
possible that the unconfined concrete outside the
ties (i.e. the cover concrete) may spall away. It
is assumed that the cover concrete follows the
sape stress strain curve as the confined core up
to the strain of EPCR, but carries no stress at
higer strains, For confined concrete at every
strain level the procedure developed in this study
checks for spalling of concrete cover. If the
concrete cover spalls away then only the area of
concrete confined by confining steel is used in
the ana_lysis, For confined concrete the developed
procedure calculates the required area of

confining steel to allow the strain EPUT, or EPSLC
in the case of a user defined curve, in the
concrete. The modified mathematical expression of
falling branch after the peak stress was proposed
by this study to account for the strength
degradation as observed in the expriments and
shown in Equation (2).

2.4 Mathematical modeling of strain hardening
of steel

it large strains it is possible that the
reinforcing steel may experience the strain
hardening. The actual shape of the steel stress
strain curve must be considered to obtain an
accurate estimate of the moment and curvature,
Figure 3 shows the general shape of the steel
stress strain curve,

2.5 Assessment of displacement ductility

The lateral deflection at the top of the
cantilever wall due to concentrated load applied
at the end (Figure 2) is determined by taking
moments of the curvature diagram about the top
(free end).

For uniformly distributed load across the number
length, ductility has been calculated as follows

Ductility = 1 + [4.0/Ae(gu/gpy - 1)(1-1/24e) (7)
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SHEAR WALL MOMENT DIAGRAM

Fig. 2 Cantilever wall with lateral loading at

ultimate.

2.6 Limit stress and analytical prediction
of each limit state

2.6.1 Cracking limit state

The uncracked section behavior state corresponds
to the stress level at which the load induced
tensile stress at the extreme tension fiber is
less than the modulus of rupture defined by
Equation (8). Therefore the cross section is
uncracked and the load induced moment is Iess than
the cracking woment capacity calculated by
Equation (9).

fr =4.0 f'¢ (8)
Mer = [(P/A) + fr]S where S = bd2/6  (9)

The cracked section limit state exists when the
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load induced nmoment is equal to the cracking
moment of the cross section,

2.6.2 Yield limit state

In this behavior states the section is cracked
with the strain in the steel less than its yield
strain. The load induced moment is greater than
the cracking moment capacity but less than the
yield moment capacity. The yield limit state
exists when the strain in the steel equals to the
yield strain,

2.6.3 Maxinum load limit state

At the next behavior state, the section is cracked
with strain in the steel greater than its yield
strain, but the maximum strain at the extreme
compression fiber in concrete is less than its
ultimate maximum usable strain. The maximum load
limit state exists when the strain at the extreme
fiber is equal to the maximum usable strain.

3 EXPERIMENTAL DATA AND DEVELOPMENT PROBABLE
BEHAVIOR OF STRUCTURAL COMPONENT BASED
ON TEST DATA

3.1 Test set up

The objective of this experiment was to evaluate
the inelastic load resistance mechanism and the
failure mode of story height reinforced concrete
masonry shear walls, The wall panels were
subjected to inplane lateral and axial loads which
simulate seismic and bearing loads exerted on a
wall situated in reinforced concrete masonry
building. Sixteen story height reinforced
concrete masonry shear walls have been tested and
Table 1 shows the information of the axial stress,
the vertical and horizontal reinforcement., Tables
2 and 3 present the same information, rearranged
to better illustrate axial load/vertical and axial
load/horizontal rebar combinations. A total of
sixteen reinforced concrete masonry shear wall
specimen has been tested,

Table 1. Axial load and steel variables.

Wall Axial Load Vertical Horizontal
Pom et Sl
1 200 Sx#5 Sx#4
2 270 Sx#5 9x#
3 270 Sx# Sx#
4 0 3z 5x#3
3 100 S5x#7 S5x#3
[ 0 Sx#5 Sx#
7 100 5x#7 S5x#3
] [] Sx#5 S5x#
9 270 5x#5 5x#3
10 100 S5x#5 S5x#3
11 Q Sx#7 Sx#
12 100 Sx#5 Sx#4
13 20 S5x# Sx#4
14 220 Sx# 5x#3
15 100 Sx# Sx#
16 270 S5x¥ Sx#

Table 2. Test matrix/herizontal steel.

ému-:EAxmwiAxmw»mw"
Opsi | 100psi | 200ps 70 psi |
T Vertical | Vertical | | Verseal | Verdcal |
Wall | Steel | Wall| Swel |Wall| Swel | Wal] Six!
Horzonwi Sweel | 4 | Sx &7 | 5 [5x4 | | INERELX
sx¥3 6 [ sx#s| 7 is5xe7 ¢ | L% isxas
10 | 5x4#5 | 1 {14 | 5286
HonzontxiSteel{ 8 [Sx#5 | 12 | 5x8 | 1 [Sx#5 ) 13 | Sx#6
Sx 84 11 [ Sx87 1 15 | 5x#6 | | {16 Isxm?
Horizontal Steel i ] 2 5xs
9x#3 1 { i

1 ki = 6395 MPa

Table 3. Test matrix/vertical steel.

O psi 100 psi 200 psi. 270 psi

Wall tl Wail al Wall ol Wall tal
Swel | | Swel Sweel Sieel
VerdcalSteel| 6 | Sx#3 | 10 | 5x43 1 S5x# 21 9x#3
Sx#s 3} Sam 12 | Sx24 § ; Sx#3
Vertical Steel 15 | Sx#s 13| 5x%4
528 14 | 5x#3
Vertcal Steet| 4 | Sx 43 51 5x#3 3152383
Sx#7 11 | Sx# 71533 16 | 5x24

1 ki = 6.895 MPa

As shown in Figure 3 the specimen were § ft high
and 6 ft lcng and fabricated with a single wythe
of 6x8x16 hollow concrete blocks. They were fully
grouted with uniformly distributed vertical and
horizontal reinforcement. The  horizontal
reinforcement had 180 degree hocks around the
extreme vertical steel. Each specimen had a
reinforced concrete top beam and base slab. The
vertical reinforcement ran continuously from the
base slab to the top beam with 180 degree
anchoring hooks. Bond-beam units were used
throughout the wall panel to allow the placement
of horizontal reinforcement and enhance the
continuity of the grout. The construction of a
typical specimen is shown in Figure 3 and the test
set up is shown in Figure 4.

Fig. 3 Test specmen.

—e

Fig. 4 Test setup.

Several design parameters and loading conditions
were investigated and the influence of the axial
load, the reinforcement ratios and the lateral
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"load history on the failure mode of the walls were
examined in this experiment. These included
magnitude of the axial load, the reinforcement
ratio in the vertical as well as the horizontal

direction, and the history of the laterally
applied load. Each of sixteen specimen was loaded
wvhile the magnitude of the axial load was

maintained constant during test. The experiments
were performed using a load controlled technique
until the vertical steel yielded and then followed
by a displacements controlled technique. Automatic
data acquisition system installed with specimen
points out the level of lateral force which causes
the vertical reinforcing steel to yield and the
limit state associated with this force level is
referred as a yield limit state. The maximum load
limit state can also be identified when the wall
specimen is in the vicinity of its ultimate load
capacity.

3.2 Parameters used in analytical model

The experimental values for the yield stress of
steel and the strain of unconfined masonry at
maximum compressive stress were used to
analytically calculate the values of moment
capacity for each limit state in the mathematical
model. The modified Kent-Park stress strain curve
with parameters identified from tested shear walls
was used in the model. The strain at maximum
stress was set at 0.002, while the maximum usable
strain for unconfied masonry was set at 0.003.

The height of the shear wall is 6 ft and height
of the plastic hinge region is assumed to be 30
percent of the wall height,

4 COMPARISON

4.1 Ductile failure mode

Table 4 shows the calculated limit state lateral
loads in two sets of units. Those in KIPS
correspond to the total lateral load. When the
load is divided by the total cross sectional area
of the wall it is denoted in PSI units. Walls
with shear/flexural ratios great than 1.0 in Table
4 are hereinafter referred to as FLEXURAL WALLS.
A flexural wall is a wall that has shear strength
that exceeds its flexural strength calculated
using Equation in Section 2412 of the 1988 UBC

These walls are expected to have the vertical
flexural steel yield prior to the shear failure,
In the last two columns of Table 4 both the
analytical and observed failure modes are
presented, demonstrating an excellent agreement
between two observations.

4.2 Definition of virgin and stabilized cycles

The experiments were conducted with static cyclic
load reversals. The first time the drift extends
into a new and larger amplitude of drift domain it
is called a virgin loading cycle. After this

cycle, the subsequent cycles are repeated with
drift being the same until the force has
stabilized. For example, Figure 5 shows a plot of

cycles 25, 26, and 27 with the first being the
virgin cycle and the last being the stabilized
cycle.

Table 4. Calculated linmit state lateral loads. __.

= “Fxad Fleaural ~Ficrard
Cracking Yield Streagth
Wa
No. Ve Ve Vy vy Youx Vau
(kips) (1) (kips) (i) (kips) (psi)
1 23 64 59 136 72 168
2 33 115 69 493 81 187
3 33 76 9 230 118 273
4 16 37 64 147 91 211
5 B 2 kd 179 103 29
[ 16 37 32 k) 46 106
7 24 56 79 182 107 47
3 13 41 31 72 46 106
9 36 23 i) 166 87 202
10 % 56 47 108 61 144
11 18 41 65 149 91 213
12 % 56 47 108 63 145
13 3% 83 84 194 105 242
14 36 83 [ 194 105 242
15 25 57 60 139 82 189
16 34 78 9 21 120 2713
Failure
Shear Sheasi Mode
Wall Flexure
Na. Va Va Analytical Test
e
1 185 L1 _flexure flexure
2 3 199 1.1 flexure flexure
3 59 137 05 shear shear
4 [ 139 0.7 shear shear
5 60 139 06 shear shear
6 57 132 12 flexure Nexuresslide
7 63 146 0.6 shear shear
3 [5] 197 19 flexure flexure/slide
9 59 137 0.7 shear shear
10 60 137 1.0 fexure flexure/shear
11 0 208 1.0 flexure shear/slide
12 (5] 197 14 Dexure Oexure
13 57 201 08 shear shear
4 60 139 06 shear shear
15 87 201 11 fexure fexure/shear
16 87 201 0.7 shear shear
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lkip = 4443 kN, 1ksi«6395MPa

4.3 Comparison between calcuated and experimental

limit state values

Tables 5, 6, and 7 compare the analytical value at
yield limit state and maximum load limit state to
the experimental data obtained at the same limit
states. The ratio of the experimental data to the
analytical values for the yield limit state is
calculated in Table 5 for flexural shear walls.
The mean and the coefficient of variation of this
ratio are 1,13 and 2.1 %, respectively. The ratio
of the minimum measured maximum load experimental
data to the analytical values for the maximum load
limit state are given in Table 6 and they indicate
that the analytical prediction compares well with
the experimental data. Table 7 presents a more
indepth comparison of the measured maximum lateral
load and the calculated load. The columns denoted
(min/calc) are ratios of minimum virgin and
minimun stabilized lateral loads to the calculated
loads. For example, since the experimental data
was available for the virgin tests the ratio of
minimum virgin load (in this case the negative
value of 78 kips) is divided by the calculated



Table 5. Calculated and measured flexural yield
limit state values

Wall Calculated M (Mo
) G | Cuones |
1 59 [ 1.02
2 69 76 1.10
[3 32 40 1.25
B 31 36 1.16
10 47 NA™ NA
11 65 NA NA
12 47 NA NA
15 60 NA NA

hd Measured valucs are from a virgin loading curve and correspond to first yield
23 measured using a strain gauge on a reinforcing bar.

*¢  NA = Not available due 10 strain gauge malfunction.

1Kip = 4.448 kN
Table 6. Calculated and measured flexural strength
limit state values,
Caleulated Measured (kips)® (Minimum
Wall (kips) .
Positive Negative Calculated
1 72 +87 ”%'a" .08
2 81 483 58 102
3 % +52 47 1.0z
3 [ +50 47 102
10 & +69 57 T12
11 90 389 95 0.5
12 & 71 7 .13
15 82 282 54 1.00

* Measured values are from virgin load deflection curves.

1 Kip = 4,448 KN

Table 7. Calculated and measured flexural strength
limit state values.

Min/Cale Max/Calc AverCale
wall
Virgin | Stablad | Virgin | Stblad | Virgin | Stblad
1 TOE | 088 | i 107 [NE; 057
P 102 053 131 107 112 1.00
g 1.04 093 T3 | 0% 109 053
8 102 051 105 | 0% 105 093
10 112 0.97 115 105 Li3 101
1 059 0.89 106 | 0% 102 052
iz [WE] 102 [NE) 103 113 102
i3 100 0.88 [uE] 105 107 056
Men | 105 052 114 102 110 057
Cov | 41 51 Y] 39 37 26
%)
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-
-
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Fig. 5 Cycles 25, 26 and 27.

value to obtain the ratio of 1.08 for Wall #1 in
Table 7. Because the stabilized load is always
less than the corresponding virgin peak (i.e., the
cracking due to cyclic loading reduces the
strength for a given drift), it follows that its
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ratio (0.86 in this case) is less than 1.08. The
eight walls had an average value of 1,05 for the
minimum virgin test data and 0.92 for the minimum

stabilized test data. The coefficients of
variation were 4.7 and 5.1 %, repectively, The
columns in Table 7 denoted as (max/calc)

correspond to the positive measured value if the
minimum peak was negative as it was in Wall #1., A
comparison of Tables 6 and 7 reveals in what cases
the minimum is positive. In the test program the
direction is considered positive in which the load
or drift was always increased into a new domain
for the first time. The eight walls had an
average of 1,14 for the maximum virgin test data
and 1.02 for the maximum stabilized test data.
The corresponding coefficient of variation
values were 4.4 and 5.0 %, respectively. The
columns in Table 7 marked (ave/calc) are obtained
by averaging the minimum and the maximum ratios.
For example, (1.08+1,21)/2 is equal to 1.15. If
these values are compared for all 8 walls, the
virgin and stabilized mean values become 1.10 and
0.97, repectively,

The ratio of the maximum load limit state values
to the yield limit state values for the analytical
predictions is calculated and shown in Table 8.
Also the ratio of the maximum virgin load limit
state to the yield limit state for the
experimental data is shown in this table. For
example, the mean and the coefficient of variation
of the ratio for the analytical prediction are
1.34 and 7.4 %, whereas those of the experimental
data are 1.36 and 6.6 % for the maximum test data
and 1.22 and 9.1 for the minimum test data. It is
noted that the mean and the coefficient of
variation of the ratio of the maximum load moment
capacity to the yield moment capcity for the
analytical prediction are well compared to those
of the experimental data as can be seen in Table
9. Upon the successful analytical calculation of
the yield limit state the maximum load limit state
value is then obtained by multiplying it by 1.34.

This approach of calculating the maximum load
limit state from the yield Jlimit state
demonstrates the simplicity with resonable

accuracy that can be utilized by the practicing
structural engineer. It is also interesting to
calculate the mean and the coefficent of variation
of the ratio of the analytical yield limit state
to the analytical cracking limit state for each
wall, The results are summarized in Table 9. It
is noted that this ratio exceeds the recommended
minimun ratio of 1.8 that is given in the 1989
amended version of the 1988 UBC, Table 10
summarizes results that include the shear stress
and the neutral axis location of each limit state
for the flexural walls. The shear stresses on net
area for each limit state are calculated by
dividing the lateral shear force by the total
(i.e., gross) cross sectional area of the wall.
Alternatively if the lateral shear is divided by

the area of the wall in compression at the
compression toe of the wall then the shear
stresses on compression area is obtained. In the

same table the neutral axis locations are also
displayed for each limit state in the units of



Table 8. Calculated and measured ratio of maximum
moment capacity to yield moment capacity.

Calculated ] Measured
MaximunayYiedd MaximumyYield
Wall Moment Capacity Moment Capacity
Maximum Minimum
1 1.22 1.45 1.30
2 117 1.29 1.09
6 1.44 1.30 | 1.18
8 1.48 1.39 1.31
10 1.28 NA NA -
11 138 NA NA
12 1.34 NA NA
15 137 NA NA
Mean 134 1.36 1.22
Cov (%) 74 . 6.6 9.1

Table 9. Calculated ratio of yield moment capacity
to cracking moment capacity.

Wall # | MM
1 211
2 2.10
6 2.00
3 172
10 1.96
11 3.60
12 1.96
15 2.40
Mean | 223
Cov (%) | 240

Table 10. Lateral load at limit states.

Colorado Limit Lateral | Moment Shear Stress. Neutral Axis Location
FLEXURAL Stats Forcs | (K-Pr) (Pa)
WALLS (edps)
. o:::t on Comp. Comp. %olthe
Area Wall th
kg | D7 | 180 | A8 | 147 | %ﬂ' +
Wall 81 Yield 587 3519 | 1358 453 216 k)
Maximam | 724 4343 | 1766 885 1.3 21
Cracking 325 195.0 752 143 413 ]
Wall 12 Yield 636 4113 | 1587 | - 4925 n2 2
Muimem | 806 4833 | 1863 7417 18.1 25
Cracking 158 95.0 367 248 127 13
was6 Yield 317 | 1899 [ 733 4187 126 1
Maximum | 457 2743 | 1058 11203 (4] 9
Cracking | 179 | 1060 | 409 2538 1.6 16
Wall 18 Yield 310 1861 718 449.3 1s 16
Maximum | 4358 49 | 1041 1397 11 g
Cracking U2 .| us0 559 1839 219 30
Wall $10 Yield 463 2809 | 1084 506.7 154 21
Maximum | 628 3769 | 1434 12464 84 12
Crcking 17 106.0 409 1924 153 21
Wall #11 Yield S 369 | 1493 7024 153 21
Maximum | 928 2143 1406.1 110 13
Cracking 42 5.0 359 1839 219 30
wall 1127 Yield 461 | 203 | 1081 5056 154 21
Maximym | 626 3757 | 1449 12424 84 12
Cracking U3 147.0 387 1716 28 n
wall #15 Yield 6.1 3608 | 1392 6149 163 23
Maxdmem | 813 | 4508 | 1094 | 13206 103 1

1kiped 44BN, lina234cm ki« 6395 MP2

inches and compression zone is obtained in terms
of percentile of the wall length,

5 CONCLUSION

A well designed structure demonstrates a ductility
necessary to undergo the deformation required to
prevent sudden and premature failure before it
collapses, The behavior and the limit states
characterizing the performance of the structure
were investigated to develop an apprbpriate
analytical model related to design methodology

that ensures the safety of structures, The
analytical model proposed with modified version of
Kent-Park stress starin curve to predict the
behavior of the concrete structural components was
validated by the experimental data, proving the
accuracy of the model and its versatility, For
the flexural shear walls whose shear capacity is
greater than the flexural capacity ensuring the
vield of vertical steel prior to the failure of
the section excellent correlation between the
analytical and observed test data has been
achieved and this will bring reasonable means with
easer access, allowing practicing engineers to
confidently evaluate the capacity of concrete
Structural components to treat technical problems.
In addition, the limit state design methodology
may be reflected into the general engineering
practice with extended degree of safety and
confidence due to the analytical identification of
the ultimate limit state. Finally the computation
of deflection and ductility factor is also
possible, and this will assist to prevent
engineers from designing brittle structures not
capable of resisting enough deformation required
to ensure safe structures,
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