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AbstractThis paper presents a design method for the seismic shear strength of RC bridge columns.
The design approach is based on the principle tensile stress for the diagonally-cracked concrete
column with empirical modifications. The proposed method accounts for the effects of concrete
compressive strength, axial load level, shear span to depth ratio, longitudinal reinforcement ratio,
and displacement ductility ratio. The analytical predicted results of shear strength for forty seven
rectangular columns and thirty eight circular columns are in a good agreement with the
experimental results. The average ratio between experimental shear strength to predicted strength is
1.21 for circular columns and 1.25 for rectangular columns. The proposed model is compared with
the ACI 318-11 and ECP-203 codes, as well as the design approaches of the Caltrans SDC and
modified UCSD model. Also, the parametric studies show the reliability of the method for
calculating shear strength of bridge columns with different geometrical and material parameters.
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1. Introduction

Due to its brittle nature, shear is regarded as a mode of failure that should be
avoided in reinforced concrete bridge column design [1]. To provide a reinforced
concrete bridge column with sufficient shear strength, it is domineering that the shear
strength be predicted in an accurate and dependable manner. The available
experimental results, e.g. [2-9] indicate that the column shear strength is influenced
by several variables, such as the concrete compressive strength, axial load level, shear
span to depth ratio, longitudinal steel ratio and transverse reinforcement content and
yield strength. Various existing shear strength models such as the ACI 318-11 [10],
ECP-203 [11] Caltrans SDC [12], and Modified UCSD model [1] incorporate some
of these variables. Hence, there is a need for development of a new model that
consider most of the noticeable shear strength variables.

The objective of this paper is to develop a simple design model for seismic
shear strength of concrete columns. The proposed design approach is developed by
revising and modifying Sezen and Moehle model [14]. The proposed design method
account for the effects of concrete compressive strength, shear span to depth ratio,
longitudinal steel ratio, compression load level, and displacement ductility on shear
strength of bridge columns.
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2. Previous Shear Strength Models for Concrete

For American code ACI 318-11 [10], the shear strength of concrete is given
by:

P .
v, =0.17 [1 + 13.93,2]\@ (1)

P is the axial compression load, Ay is the gross area of the section, and fc'is the
concrete cylinder compressive strength (MPa).

For Egyptian code ECP-203 [11], the concrete shear strength vc is given as a
function of concrete cube compressive strength (f.,) (MPA).

v, =0.24/f, /Y. [1+0.07(P/Ay)] (2)
Where Y, is the strength reduction factor of concrete =1.5

For Caltrans seismic design criteria (SDC) [12], the concrete shear strength v,
inside the plastic hinge of members as follows:

v.=F, F, Ji; =033/t (3)

F,=0.025< *’f‘z—f}_"+ 0.305—0.083 p, < 0.25 (4)
P
F,=1+ 50 A, < 1.50 (5)

ua is defined as the displacement ductility demand, and equal to column displacement
divided by vyielding displacement. ps is the volumetric ratio of spiral or hoop
reinforcement.

In university of California USCD [1], the concrete shear strength is given as:

v, = affY \/E (6)
1 <a=3-3 <150 (7)
p=050+20p. =1

(8)0.05 = Y=0.37—0.04p, =0.29 for uni— axial bending 9)
0.05 = Y=0.33-0.04p, <0.29 for bi— axial bending (10)

pu IS the longitudinal reinforcement ratio, and a is the column height.

3. Mathematical Formulation of the Proposed Shear Model

The majority of available column shear strength models estimates the shear
strength as the summation of shear carried by concrete V¢, and shear carried by
transverse reinforcement Vs. The proposed shear strength equation follows the same
trend by combining concrete and transverse reinforcement contributions.
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3.1 Concrete and Axial Load Contributions

In order to determine the concrete contribution to the shear strength of RC
columns with inclined cracks, Sezen [14] assumed that onset of diagonal tension
cracking in an element under uniform stress state can be related to the nominal
principal tension stress acting on the element. Assuming loading within the x-y plane,
the limiting shear stress in concrete T4y can be defined from equilibrium as:

= | (-2 - (252 @
T

«v » shown in Fig (1) is the shear stress on planes perpendicular to member
transverse and longitudinal axes, g, is the principal tension stress, o, is the normal
stress on plane parallel to longitudinal axis, and @, is the normal stress on plane

perpendicular to member longitudinal axis. Conside?ing no normal stress applied in
the direction perpendicular to the axial load direction (ox = 0), equation (11) is
rewritten as:

Ty = 03 | 1— (‘:’) (12)

The inclined cracking is assumed to occur when the principle tensile stress of
concrete reaches its tensile strength [14].

ty=f | 1- (=) (13)

fe

The tensile strength of concrete f; is given as function of concrete compressive
strength.

For ACI 318-11 [10], f, =0.50/f. (14-a)
For ECP-203 [11 f, =0.60,/f, (14-b)

The axial stress is defined by (oy = -P/Ag), negative sign indicates the compression
axial force, so the concrete shear stress in equation (13) can be rewritten (txy = Vc) as:

v.=f [ 1+ (f;g) (15)

3.2 Shear Span to Depth Ratio, Longitudinal steel ratio and
Displacement ductility Factors

The existing experimental results [1,5,8,13] indicate that the shear strength is
greater for columns with smaller shear span to depth ratios, as the confinement effect
of the adjacent members is greater in these situations. In the present study, the
concrete contribution v, is reduced with the increase of (a/d) ratio by a factor named
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Ve= -t 1+(p) (16)

In order to determine the factor Fy, a linear regression analysis data fit [16] is used to
solve nonlinear models with all variables. Several experimental results of column
tests are used in the regression analysis. The plot of the proposed linear expression is
shown in Fig (2-a) together with the associated proposed shear strength predictions
and the experimental shear results. The predicted equation for factor F; is derived as:

F1=1+0.35 2 (17)

The experimental results [1,5,8,13], show that a smaller longitudinal
reinforcement ratio results in a decrease in the strength of concrete shear resisting
mechanism due to three reasons. First, dowel action from the longitudinal
reinforcement is smaller if there are fewer numbers of small diameter bars. Second,
crack distribution is characterized by fewer widely-spaced cracks, which, in turn,
results in a decrease of aggregate interlock resistance. Third, the smaller compression
zone resulting from the reduced longitudinal steel ratio, in turn, reduces the
compression zone shear transfer. On the basis of these considerations, the concrete
mechanism strength is revised to give the following:

ve=F, & [ 14 ( P ) (18)

Again, the regression analysis data fit [16] of experimental results was used to

evaluate the factor F, for the effect of longitudinal reinforcement ratio (p;). Fig (2-b)
shows the correlation of the proposed shear strength and the experimental shear
results. The predicted equation for factor F; is:

F,=0.50+ 10 p, (19)

It was reported in [1,6,14], that the shear strength is degraded with increasing
the displacement ductility demand. Sezen [14] stated that the proposed shear strength
model can be improved by introducing a displacement ductility-related factor F; for
both concrete and transverse reinforcement contributions to the shear strength.
Following the same approach in the present study, the factor F; is given as follows:

F; = 1.0 for p, =2.0 (20-a)

F, = 1.0-03(%=>2) for 20 < p, < 6.0 (20-b)

F, = 0.7 for p, =6.0 (20-c)
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3.3 Proposed Nominal Shear Strength for Bridge Columns

The nominal shear strength (V,) is evaluated as the sum of nominal concrete
shear strength (V¢) and nominal shear strength provided by shear reinforcement (V).

n=Vc+ Vs (21)
The shear force carried by concrete V¢, is related to shear stress, and effective cross

sectional area A Which is taken as 80 % of the gross sectional area (Ag)
[1,10,13,14].

VC = Vc Aef‘f (22)

Acti= 0.80 Ag (23)

The contribution of transverse reinforcement to shear strength is based on a
truss mechanism using a 45° angle between the diagonal compression struts and the

column longitudinal axis [10,11].
Vo= Aufed (24)

s

A, is the area of shear reinforcement, fy; is the yield strength of web reinforcement
and s is the spacing of shear reinforcement. For circular members with circular ties,
hoops, or spirals; used as shear reinforcement, it is permitted to take the effective
depth, d, as 0.80 times the diameter of the concrete section, and A, can be taken as
two times the area of the bar cross section used as the spiral [11].

From equations (22) to (24), the nominal proposed shear strength is given as:
Ay fpd
VProposed = Vc 0.80 Ag + S?t (25)

Introducing the effects of displacement ductility level, shear span to depth ratio,
longitudinal steel ratio, and in equation (25), the design equation is rewritten in the
final form as:

Veroposea = F Fy ¢ | 1+ (f;ﬂ) 0.80 A, + F,

Ay fyrd

(26)

4. Validation and Comparative Studies

4.1 Validation Studies

In order to validate the proposed shear model, the experimental results of forty-
seven rectangular columns [2,3,4,5,14], and thirty-eight circular columns [6,7,8,9] are
used. Shear results are presented in the form of graphs relating the experimentally
recorded strengths to the strengths obtained from the proposed model. The analyzed
columns have shear span to depth ratio (a/d) ranging from 1.10 to 4.10, axial load
level from 0.00 to 0.61. The longitudinal and transverse reinforcement ratios ranging
from 0.00 % to 4.00 % and 0.00 % to 1.02 % respectively. The concrete compressive

-108-



Engineering Research Journal (ERJ) Fouad B. A. Beshara et al. Vol. 1, No. 28 Apr. 2016, pp. 55-66

strength ranged from 13.10 to 49.30 MPa.

The predicted shear force (Vproposed) Versus the obtained experimental shear
force (Vexp) for 85 columns is plotted in Fig. (3). The overall average value of the
ratio between the experimental shear force (Ve) and the predicted shear force
(Vproposed) 1S Of value 1.21 for circular columns with standard deviation of 0.16, while
the ratio is 1.25 with standard deviation of 0.19 for rectangular columns. These
values indicate that the proposed shear model gives good predictions with consistent
results. Generally speaking, the proposed shear model is on the safe side and gives
consistent predictions.

4.2 Comparative Studies with Design Codes and Equations

The shear strengths of circular and rectangular columns were re-calculated
using the design codes ACI 318-11 [10] and ECP-203 [11]. Fig. (4) and Fig. (5).
provide quick judgment of the results. For circular columns, the mean ratio of the
experimental to the predicted strength and its standard deviations are 1.37 and 0.27
for American code, and 1.44 and 0.29 for Egyptian code. For rectangular columns,
the average ratio of the experimental to the predicted shear strength and its standard
deviations are 1.47 and 0.29 for ACI 318-11 [10], and 1.82 and 0.36 for ECP-203
[11]. Generally, the predictions of design codes for shear strength of columns are
more conservative as the effects of shear span to depth ratio, longitudinal steel ratio
and displacement ductility ratio are neglected in the design equations.

Using design criteria of Caltrans [12] and USCD [1], the shear strengths of
circular and rectangular columns were re-evaluated. The predicted ultimate shear
strengths by the first method (VcaLtr) and second model (Vuscp) versus the obtained
experimental shear strength (Vexp) are plotted in Fig. (6) and Fig. (7), respectively.
For circular columns, the average ratio of the experimental to the predicted strength
and its standard deviations are 1.05 and 0.22 for Caltrans method, and 1.02 and 0.10
for USCD approach. For rectangular columns, the mean ratio of the experimental to
the predicted shear strength and its standard deviations are 1.22 and 0.25 for the first
approach, and 1.08 and 0.23 for the second approach. From Figs. (6) and (7), it is
clear that a reasonable portion of the predicted results are on the unsafe side,
especially for rectangular columns.

4.3 Reliability Studies

In order to investigate the validity and applicability of the proposed shear
model across the range of several key parameters, Fig. (8) and Fig. (9), show the
effect of concrete compressive strength (f.') and axial load level (P/f;"Ag) on ultimate
shear predictions. The effects of stirrups volumetric ratio (ps) and stirrups yield stress
(fyr) on ultimate shear predictions are plotted in Fig. (10) and Fig. (11). Shear span to
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depth ratio (a/d) and longitudinal reinforcement ratio (p.) effects on ultimate shear
predictions are shown on Fig. (12) and Fig. (13). In these figures, the ratios of
experimental ultimate shear strength, (Vex) to analytical shear strength (Vproposed)
versus the studied parameters were plotted for both circular and rectangular
reinforced concrete columns. The figures show that the scatter is low and uniform for
the entire set of all variables, and there are good correlation between the experimental
and predicted strengths. It also presents a strong evidence for the reliability of the
proposed model to calculate seismic shear strength of bridge columns with different
geometrical properties, concrete compressive strengths and total reinforcement ratios.

5. Conclusions

From the validation, parametric, and comparative studies for the proposed
shear design method for RC bridge columns the following conclusions are made:

1- The proposed seismic shear design method for RC columns is successful in
predicting the strength of 38 circular columns and 47 rectangular columns with
different material, geometrical, loading, and steel parameters. The overall average
value of the ratio between the experimental shear strength to the predicted strength
is of value 1.21 for circular columns, while the ratio is 1.25 for rectangular
columns.

2- The predictions of American and Egyptian design codes for shear strength of
columns are more conservative as the effects of shear span to depth ratio, column
axial load, longitudinal steel ratio and displacement ductility ratio are neglected in
the design equations. For ACI 318-11 and ECP-203, the overall mean ratio of the
experimental to the predicted strength is respectively 1.37 and 1.44 for circular
columns, and 1.47 and 1.82 for rectangular columns.

3- Using design criteria of Caltrans and USCD, the predicted shear strengths of RC
columns are less-conservative. A portion of the predicted results are on the unsafe
side, especially for rectangular columns. For Caltrans SDC and Modified UCSD
approaches, the overall average ratio of the experimental to the predicted strength
Is respectively 1.05 and 1.02 for circular columns, and 1.08 and 1.02 for
rectangular columns.
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