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ABSTRACT

INELALSTIC RESPONSE OF REINFOCED
CONCRETE ELEMENTS TO DYNAMIC LOADS

By

Jongsung Sim

Strain rate effects and shear deformations are two factors with major effects
on the dynamic response characteristics of reinforced concrete (R/C) structures,
which are generally neglected in dynamic analysis. In this investigation, the
analytical techniques capable of accounting for these effects of these two factors
were developed for dynamic analysis of R/C elements (and structures). These
techniques were used in numerical studies on the sensitivity of R/C elements
behavior to the variations in the rate of straining under monotonic loading and to

the effects of shear deformations under cyclic loadng.

The strain rate-sensitive element model was constructed based on the strain
rate-dependent constitutive models of steel and concrete which was empirically
developed in this study. A refined (layer) elem_ent modeling technique was used
for axial-flexural analysis of R/C beam-columns at different rates of load applica-
tion. The element model was used in numerical studies to assess the strain rate
effects on the axial compressive monotonic load-deformation behavior of R/C

columns and flexural behavior of R/C beams.



In order to account for the effects of shear deformations on the cyclic
behavior of R/C beams, an element model which physically separates the flexural
and shear deformations was developed. This element model considers the
differences between the shear and flexural hysteretic characteristics of R/C beams
(marked by the highly deteriorating nature of shear resisting mechanisms under
cyclic loads). The tangent stiffness matrix of the element model was also
developed, and the experimentally-observed tendency of shear deformations to
dominate the element load-deformation behavior under repeated inelastic load

cycles was verified analytically.
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LIST OF NOTATIONS

A, = gross area of the concrete cross section
A, = area of tension steel
A, = area of compression steel
A, = total area of longitudinal steel
a\ = depth of equivalent rectangular block representing compressive
resistance of concrete in beams
b = width of cross section
¢ = depth of neutral axis of cross section
d = effective depth of cross section
d' = distance from centroid of compression steel
to the extreme compression fiber
dM = incremental bending moment of cross section
dM; = incremental bending moment at end
dM.-

J
dM, = incremental bending moment of element

= incremental bending moment at end j

dP = incremental axial load at cross section
dP, = incremental axial load on element
dV = incremental lateral load
dV, = incremental lateral load of element
dt = incremental loading time
d A, = incremental free end lateral displacement of element
d § = incremental displacement at free end of the cantilever beam
d 6, = shear spring incremental deformation
d € = strain increment
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d€; = strain rate increment at the i'th layer
de,
d~, = incremental axial deformation

= strain increment at plastic centroid

d ¢ = incremental curvature



d0f = flexural spring incremental deformation
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E.; = dynamic secant modulus of elasticity

E,, = static secant modulus of elasticity

E, = static strain hardening modulus of steel
= dynamic strain hardening modulus of steel
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[, = steel stress
[sc = compression steel stress

f4 = static ultimate strength of steel

f+ = dynamic ultimate strength of steel
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K = element tangent stiffness matrix
K; = initial stiffness of the proposed model
K, = strain hardening stiffness of the proposed model
K, = tangent stiffness of shear spring
K,; = tangent stiffness of shear spring at end i
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K; = tangent stiffness of cantilever element
K, = unloading stiffness of the proposed model
K, = quasi-static secant axial stiffness
K ./, = dynamic secant axial stiffness
L = total element length
| = cantilever element length
M, = static flexural strength
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8 = center to center spacing of transverse reinforcement
V == lateral force of cantilever element
V, = quasi-static lateral strength
V, = dynamic lateral strength
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R = a point on the skeleton curve in the element model
R/C = reinforced concrete
X = spring deformation in the element model
X, = yield deformation
A = lateral displacement of element
a = a coefficient used in the element model
[ = a coefficient used in the element model
€ == strain
¢ = strain rate (1/sec) > 10~°
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€, == static strain at initiation of strain hardening
6;, = dynamic strain at initiation of strain hardening
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éﬁ = section curvature rate
1) = element orientation angle
p = tensile steel ratio
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p, == volumetric ratio of transverse reinforcement to concrete core
0 = rotation of element
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CHAPTER 1

INTRODUCTION

Experimental data have indicated that the rate of loading and the shear
deformations are two major variables influencing the inelastic response of rein-
forced concrete (R/C) elements and structures to dynamic loads. These two fac-
tors, however, have been generally neglected in the development of aﬁalytical

models for predicting the inelastic dynamic response of R/C structures.

Dynamic (e.g., seismic and impulsive) loadings induce relatively high strain
rates in structures as compared to the quasi-static laboratory loads. Increased
strain rates result in higher strengths and moduli of elasticity of concrete and
reinforcing steel, and consequently increased the strengths and stiffnesses of R/C
elements[1-5]°. These modifications in element behavior at higher rates of strain-
ing might adversely influence the dynamic response characteristics of R/C struc-
tures, resulting in higher element forces and stronger tendencies towards the brit-
tle modes of failure. Hence, the disregard for the strain rate effects in dynamic

analysis of R/C structures might actually lead to unsafe structural designs.

Under repeated inelastic load reversals, shear deformations play an increas-
ingly important role in the inelastic load-deformation behavior of R/C

elements[6-8]. This is due to the deteriorating nature (under cyclic loads) of the

* Numbers in square brakets refer to the list of references.



shear resisting mechanisms when compared with the flexural ones. Many analyti-
cal predictions of dynamic response of R/C structures, however, have neglected
the effects of shear deformations, disregarding the fact that the relatively small
and negligible shear deformations (compared with the flexural ones) under mono-
tonic loads tend to grow and dominate the behavior under repeated inelastic load
cycles. Dynamic response characteristics of R/C structures might also be
adversely influenced by the deteriorations in the shear resisting mechnisms of ele-
ments. Hence, the disregard for shear deformations in dynamic analysis of R/C

structures can also damage the accuracy and safety of final designs.

The first part of this dissertation (Chapters 2 to 5) deals with strain rate
effects on the dynamic properties of R/C materials and structural elements under
monotonic loading conditions. The second part (Chapter 8) examines the effects

of shear deformations on the cyclic load-deformation relationships of the elements.

In order to assess the strain rate effects on the dynamic response of R/C ele-
ments, strain rate-sensitive constitutive models were developed for concrete and
steel (Chapter 3 and 4, respectively), and they were incorporated into a refined
nonlinear analysis procedure for predicting the axial-flexural response of R/C sec-
tons and beam-column elements to monotonic dynamic loads (Chapter 5). The
analysis techniques were verified using the results of a relatively large number of
quasi-static and dynamic tests on R/C elements. The developed strain-dependent
element model was then used for numerical studies on the sensitivity of the
axial/flexural behavior of R/C beams and columns to the variations in the rate of

straining.

In studies on shear deformations (Chapter 6), a beam element model capable
of distinguishing between the hysteretic characteristics of the shear and flexural
actions was developed. This element model consists of a physical simulation

which treats the axial and flexural actions separately, and two distinct sets of



empirical hysteretic rules for cyclic shear and flexural deformations. These hys-
teretic rules account for the higher deteriorating nature of the shear behavior
which leads to the growing dominance of shear deformations under repeated ine-
lastic load reversals. The tangent stiffness matrix of the developed element model
was also derived, and the model was verified using the results of a relatively large
number of cyclic tests on R/C beams with wide ranges of material and geometric

characteristics.



CHAPTER 2

STRAIN RATE EFFECTS ON THE DYNAMIC RESPONSE OF
REINFORCED CONCRETE STRUCTURES:
A REVIEW OF THE LITERATURE

2.1 INTRODUCTION

The current reinforced concrete seismic analysis and design procedures[9] are
generally based on the results of quasi-static tests on R/C materials and elements.
The rate of straining in such tests is of the order of 10~°/sec[1-4]. Typical
earthquake- and impulse-induced strain rates are, however, of the order of 10~2
and 10~!/sec, repectively[4,5], and dynamic test results on the reinforced concrete
materials and elements[10-26] have revealed considerable dependence of the results
on the rate of straining. For example, at the high earthquake-induced loading
rates, the axial and flexural strengths of the reinforced concrete (R/C) beam-
columns have been observed to increase by about 20% over the quasi-static

values[4,5,8,12,15].

The potential problems caused by disregarding the strain rate effects in the
current methods for dynamic analysis and design of the R/C structures are dis-

cussed below:

(a) Maximum seismic shear forces in the structural elements are proportional to

their flexural strength[9] (Figure 2.1a), and thus they increase proportionally



(b)

(d)

with the flexural strength as the rate of straining increases. The correspond-
ing increase in shear strength is, however, smaller[12,24]. Hence, a beam with
a ductile flexural failure under quasi-static loading might fail suddenly in

shear when the load is applied dynamically.

The maximum bond stress between steel and concrete as well as the max-
imum shear force in the R/C beam-column joints under seismic loads increase
proportionally with the bar strength as the rate of straining increases[9,27]
(Figure 2.1b). If this is not accompanied by comparable increases in the
bond and shear strengths in the joints, then a beam with flexural failure
under quasi-static loads might fail by bar pull-out or joint shear cracking if
the load is applied dynamically. This will adversely influence the ductility

and energy dissipation capacity of the element.

In the present philosophy of seismic design, it is assumed that the flexural
yielding and hysteretic energy dissipation in the critical regions of the struec-
tures reduce the seismic forces in the structural elements. At higher strain
rates, however, the increased element yield strength postpones the formation
of the plastic hinges[3,8,12,24,28]. This can increase the earthquake-induced

internal forces in the structural elements.

At higher strain rates, the stiffnesses of the R/C materials and elements
increase and thus the overall structural stiffness also increases[5,8,10,28].

This modifies the seismic response characteristics of the system.

In the coupled wall systems, the maximum axial forces in the walls are pro-
portional to the maximum shear forces (and consequently to the flexural
strengths) of the coupling girders (Figure 2.1c), and hence they increase with
increasing strain rates. The increased wall axial forces might substantially
modify the seismic response characteristics of the R/C structures [29-32]. The

same discussion also applies to the axial forces in the columns of the R/C



(a) Beam Shear Forces

‘\—;_‘ S bar force
(b) Joint Shear and Bond Stresses
K )¢
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) ¢ — )¢

(c) Wall Axial Forces

Figure 2.1 Strain Rate Effect on The R/C Element under Seismic Forces



frames that will be modified due to the strain rate-sensitivity of the beams.

.

(f) In the lower stories of the R/C tall buildings, the column reinforcing bars are
usually of higher strength than the beam reinforcement. Considering that
the higher strength steel is less strain rate-sensitive[12,17,25,26], then a
strong column - weak beam design[9] under quasi-static loads might turn out

to be weak column - strong beam under dynamic loads.

(g) At higher strain rates, the increase in the element strength and the subse-
quent increase in the element seismic forces might increase the tendency

towards the buckling failure modes in the structure.

The remainder of this chapter presents a critical review of the literature on
the strain rate-sensitivity of the R/C materials and elements. No analytical or
experimental studies regarding the strain rate effects on the overall dynamic

response characteristics of the R/C structures have been reported in the literature.

2.2 CONCRETE IN COMPRESSION

Typical static and dynamic monotonic stress-strain diagrams of concrete
loaded in compression are compared in Figure 2.2(a). As shown in this figure,
with increasing strain rate, the compressive strength and modulus of elasticity of
both confined and unconfined concrete increase, and the maximum strain at

failure in unconfined concrete decreases.

Figure 2.2(b) presents .an accumulation of the available test data[4,5,10-15] as
well as some empirical expressions[10,12] regarding the strain rate-sensitivity of
the concrete compressive strength. The considerable scatter of the test results
observed in Figure 2.2(b) has been attributed to the variations in the moisture
content, compressive strength and confinement of the tested concrete

specimens(4,10-14].
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Figures 2.2(c) and (d) show the strain rate effect on the secant and initial
tangent moduli of concrete, respectively[4,10,12,13,33]. The initial tangent
modulus is seen to be less strain rate-sensitive than the secant modulus. The
strain rate-sensitivity of the concrete strain at maximum stress is demonstrated in
Figure 2.2(e). The model of Reference 10 does not agree well with the test results

given in this figure.

Strain rate-sensitive constitutive models for concrete are presented in Refer-
ences 10 and 33. The inaccuracies of the typical model given in Reference 10 in
predicting the test results are shown in Figure 2.2(f), where the result of a
dynamic test[15] on an R/C column with a compressive strength of 6,000 psi is

compared with the stress-strain diagram predicted by this model.
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Figure 2.2 Strain Rate-Sensitivity of The Concrete Mechanical Properties (cont’d)
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Under seismic excitations, the concrete in the R/C structures is subjected to
repeated compression at high strain rates. The available dynamic test results are,
however, mainly concerned with the monotonic behavior of concrete, and studies

on the strain rate-sensitivity of the concrete hysteretic behavior are scarce[15].
2.3 CONCRETE IN TENSION

The available test data on concrete tensile strength [12,14,17-20,24,33] are
accumulated in Figure 2.3. Concrete tensile strength increases more rapidly than

its compressive strength with increasing strain rate (compare Figures 2.2b and

2.3).

2.4 STEEL

As typically shown in Figure 2.4(a), the steel yield and ultimate stresses as
well as its maximum yield plateau and ultimate strains increase with increasing
strain rate[5,12,21-26]. The modulus of elasticity of steel is not, however, strain
rate-sensitive. Figures 2.4(b) through 2.4(d) present accumulations of the test
data available in the literature on the strain rate-sensitivity of the steel yield and
ultimate stresses as well as its ultimate strain. The steel yield strength is seen to
be more strain rate-sensitive than its ultimate strength. The strain rate-
sensitivity of the steel yield strength has been found[12,22,25,26] to increase with
decreasing steel strength as shown in Figure 2.5. This figure also presents the
empirical expression derived in Reference 12 that does not compare well with the
test data. Results of cyclic tests performed on steel at high strain rates are scarce,
but the available data[5] show similar tendencies in the steel strain rate-sensitivity

under monotonic and cyclic loads.



STRESS

Dynamic/Static

13

— DYNAMIC
-- STATIC
STRAIN
(a) Constitutive Diagram
20
© Cowell[14]
® Mahin[5]
A  Winlock[22]
o Staoffier{26]
O Seabold[12] a
1.5+
a a
a
o
oo
& e dl &
1.0 & 3 ot a3 8%
0.5 T T T

Ly 1
-4 -3 -2 -1 0 1

Strain rate(1/sec) in Log Scale
(b) Yield Strength

Figure 2.4 Strain Rate-Sensitivity of The Steel Mechanical Properties



14

2.0
o Cowell[14]
o Seabold[12]
a Winlock[22]
o
= 1.5
Qg
afud
w
o
5 ° 5t
o
S 4o A @ 2 o & W
(]
0.5 T T T T T
-3 -4 -3 -2 -1 0 1
Strain rate(1/sec) in Log Scale
(c) Ultimate Strength
20
A Winlock[22]
o
o 1.5
b/
n
N
2 A
£ A A
] 4 A
S 1.04 A & G
a
0.5 T 1 1 1
-5 -4 -3 -2 -1 0 1

Strain rate(1/sec) in Log Scale
(d) Ultimate Strain

Figure 2.4 Strain Rate-Sensitivity of The Steel Mechanical Properties(cont’d)



Dynamic/Static

Dynamic/Static

15

2.5
— Theory[12]
Ao Seabold[12]
o Winlock[22]
2.0 /—"'
y
1.5+
o/ "
5 B
8
1.0
-5 -4 -3 -2 -1 0 1 2
Strain Rate (1/sec) in Log Scale
(a) f, = 30,000 psi
2.5 — e —
T — Theony[12] :
| o Coweil[25] f
|
| |
| i
zoJ 3
| :
| i
i
| |
1.54 ;
| P
! — :
§ /
fL e 9 % |
1.0+ T e -o—p- T T !
-5 -4 -3 -2 -1 o] 1 2

Strain Rate (1/sec) in Log Scale
(b) /, = 90,000 psi

Figure 2.5 Strain Rate-Sensitivity of The Steel Yield Strength



16

2.5 BOND BETWEEN STEEL AND CONCRETE

Monotonic test results have indicated that the characteristic bond stress
values increase with increasing slip rate[26,34-36] (Figure 2.6). Cyclic test results

on bond performed at high loading rates have not become available in the litera-

ture.
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T~ sfip Rate = 0.1 in/sec
—— Sfp Rate = 0.001 in/sec
4 -~ Slip Rate = 0.00002 in/sec
=
7]
(o R
-’
o |
] [
o 3
-5
m ‘
i
0 : . . ; -
0.0 0.1 0.2 0.3 0.4 0.5
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Fiure 2.6 Slip Rate-Sensitivity of Bond between Steel and Concrete

2.6 AXTAL-FLEXURAL BEHAVIOR OF THE R/C ELEMENTS

As shown in Figure 2.7(a), the axial-flexural strength and stiffness of the R/C
beam-columns increased by about 20% as the rate of straining was raised from a
quasi-static value to the seismic level in monotonic tests reported in Reference 4.

The failure of the dynamically loaded elements has been also observed to be more
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brittle[4,5,12,24].

As typically shown in Figure 2.7(b), in the available cyclic tests on R/C
beams|[5,8,28,37] also the flexural yield strength was observed to increase by about
20% as the quasi-static loading rate was increased to the seismic level. The strain
rate effects become smaller after repetition of some large-amplitude inelastic cycles.
A relatively small increase in the beam hysteretic energy absorption was also

observed at higher strain rates.

In one of the very few analytical studies available in this area, Reference 45
has used layer models of the R/C sections to analytically produce their interaction
diagrams at different strain rates. The results compared well with the available
test data and it was confirmed that the ACI[9] equations give quasi-static values
of the axial-flexural strength that are considerably smaller than the corresponding
dynamic strengths (Figure 2.7c). The strain rates shown in Figure 2.7(c) belong

to the extreme compressive concrete fiber.

2.7 SHEAR BEHAVIOR OF THE R/C ELEMENTS

Test results on simply supported R/C beams subjected to monotonic
loads(12,24] have x;evealed,that with increasing loading rate, the maximum shear
force increases proportionally with the flexural strength, but the corresponding
increase in shear strength is less pronounced. Hence, in some tests the beams had
sufficient web reinforcement to force flexural yielding prior to shear failure when
loaded statically, but not enough to cause that sequence of failure modes in the
dynamic loading case. It was also observed that the share of the web reinforce-
ment in resisting shear increases and the shear failure becomes more brittle as the

loading rate increases.
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Reference 33 has reported experimentally derived static and dynamic shear
load-deformation diagrams of cyclically loaded cantilever beams with shear span-
to-depth ratios of about 3 (Figure 2.8). Shear stiffness degradation in these tests

was found to be smaller at higher loading rates.

Comprehensive analytical studies on the strain rate-sensitivity of the shear
strength and deformation characteristics of the R/C elements have not been

reported in the literature.
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Figure 2.8 Strain Rate-Sensitivity of An R/C Beam Shear Hysterests



CHAPTER 3

A STRAIN RATE-SENSITIVE CONSTITUTIVE MODEL
FOR CONCRETE UNDER COMPRESSION

3.1 INTRODUCTION

Dynamic compression tests on confined and unconfined concrete have shown

that as the strain rate increases

(1) the compressive strength, secant modulus of elasticity, and slope of the

descending branch in the concrete stress-strain diagram increase, and

(2) the maximum strain at failure decreases while the strain at maximum
stress might decrease[10] or increase[4] depending on the rate of strain-

ing.

The strain rate effects are found to decrease with evaporation of the moisture
in concrete. Some investigators have also suggested that the strain rate effects are
more significant on high strength concrete, while others have concluded from their
test results that the concrete compressive strength has no influence on the strain

rate effects[11,12].

In this chapter, a constitutive model for confined and unconfined concrete
subjected to dynamic compression is proposed. This model is based on numerous
measurements of the maximum stress and strain at maximum stress in tests per-

formed by different investigators at different strain rates. The proposed model

20
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accounts for the confinement effects and distinguishes between the strain rate
effects on air-dried and saturated concrete. It also compares well with the avail-

able test results.

3.2 COMPRESSIVE STRENGTH

Test results on the dynamic compressive strength of concrete have been
reported in References 4, 5, 10, 11, 13, 14, 15 and 33. These experimental studies
have covered wide ranges of compressive strength (1,000 to 7,500 psi), moisture
content (air-dried and saturated), confinement condition (plain, tied, and spirally
reinforced), and age at test (3 to 49 days). In most of the tests the strain rate has
been measured, but some studies have reported only stress rate measurements. In
these cases, the strain rates were derived by dividing the stress rates into the con-
crete modulus of elasticity. The errors of this transformation were judged to be
acceptable, because the strain rate effects are not sensitive even to errors of the
order of 50 percent in the strain rate measurements (strain rate effects become
apparent after changes of an order of magnitude in strain rate). Figure 3.1(a)
presents a plot of the ratios of the dynamic to static compressive strengths versus
the rate of straining dl.lring the test. Each point in this figure is an average of
about three tests. This figure also shows three curves, two of which have been
based on the expressions proposed by Dilger[10] and Seabold[12], for the strain

rate effect on the compressive strength of concrete:

Dilger : e = 1.38 + 0.08log (€ (3.1)
fCO
Seabold : ';Cd = 1.17 + 0.173¢ + 0.06log o€ (3.2)
c8
fcd
where, 1 < <2

cs
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The third curve, proposed in this study, has resulted from least-square curve
fitting of a second-degree polynominal (in terms of log;4€) to the test results

reported by different investigators. For all tests,

fcd
fes

= 1.48 + 0.160log,o¢ + 0.0127(log,4€)? (3.3)
where,

f .a= dynamic compressive strength;
f .= static compressive strength (at a atrain rate of 10™°/sec); and
¢ = strain rate (1/sec) >107°
A wide scatter of the tests results is observed in Figure 3.1(a). The main
source of the scatter was found to be the variation in the moisture content of con-
crete. Figures 3.1(b) and (c) show the results of tests on air-dried and saturated
concrete, respectively. It can be concluded from these figures that the strain rate
effect on increasing the concrete compressive strength becomes more significant as
the concrete moisture content increases. The following expressions (also shown in
Figures 3.1b and c) were derived by least square curve fitting to the test results on

air-dried and saturated specimens:

For air-dried concrete,

/cd

cs

= 1.48 + 0.206log,,€ + 0.0221(log;(¢)> (3.4)

For saturated concrete,

fcd

cs

= 2.54 + 0.580logo¢ + 0.0543(log,¢€)° (3.5)

The available test results did not show any considerable influence from the
compressive strength on the strain rate effects. For example, Figures 3.1(d) and
(e) compare the strain rate effets on low strength (f, < 4,000psi) and high

strength (f,, > 4,000psi) air-dried concrete. These figures show that the results
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of curve fitting to the test data are very similar for different concrete strengths.
The strain rate effect on concrete compressive strength was also found to be

independent of the age of the specimens if their moisture contents are similar.

As far as the confinement effects are concerned, very few of the test programs
have studied confined concrete, and thus no final conclusion can be drawn at this
point. The few available confined test results, however, do not show any

significant influence from confinement on the strain rate effects.

3.3 STRAIN AT MAXIMUM STRESS

As mentioned earlier, in some tests[4] when the strain rate was increased the
value of the concrete strain at maximum compressive stress increased while in
some other tests[10] it decreased. Figure 3.2 shows the strain rate effect on the
strain at maximum stress in the tests reported in References 5, 10, 13 and 14.
Each point in this figure represents the average of about 3 test results. In this
figure, €,4 is the dynamic strain at maximum stress and €,, is the static strain at

maximum stress.

According to the available test results shown in Figure 3.2, increasing the
strain rate from the static value of 10™5/sec to values as high as 107! /sec results
in reduced values of strain at maximum stress. At strain rates higher than
107! /sec, however, the concrete strain at maximum stress becomes larger than the

static value. A considerable scatter of test results is evident in this figure.

Figure 3.2 also presents the equation proposed by Dilger[10] as well as the
one derived in this study. Dilger’s equation is a function of the concrete compres-
sive strength and is based on the assumption that the concrete strain at maximum

compressive stress decreases linearly with the increasing strain rate:
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€od

— = (1.3 — 0.08log ¢ + 0.00007 f.)/(1.6 4+ 0.00007f ) (3.8)

08

where,

f ,; = 28-day quasi-static compressive strength of concrete in psi.

The proposed equation given below was derived by least square curve fitting,

using all the experimental data shown in Figure 3.2:

€od

= 1.08 + 0.112log,¢ + 0.0193(log¢€)? (3.7)

600

As far as the effects of concrete moisture content, compressive strength, and
confinement on the dynamic strain at maximum stress are concerned, the avail-

able test results are inadequate to derive meaningful conclusions.

3.4 MODULUS OF ELASTICITY

Figures 3.3(a) and (b) present the strain rate effects on the compressive secant
and tangent moduli of elasticity of concrete as observed in the test results
reported in References 13, 14, and 33. The secant modulus was found at a
compressive stress equal to 0.45 f c’, and the tangent modulus was measured at
the origin. Compared to the secant modulus of elasticity, the tangent modulus is
found to be less influenced by the rate of straining. The following expressions

were derived by least square curve fitting to the test results presented in Figures

3.3(a) and (b):

E .
4 = 1.241 + 0.111 log,4¢ + 0.127(log o¢)? (3.8)

(1]
Ey

= 1.061 + 0.464 log,o¢ + 0.00683(log,¢¢)? (3.9)

ts
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where,

E_;= dynamic secant modulus of elasticity;
E,, = static secant modulus of elasticity;

E,;= dynamic tangent modulus of elasticity; and
E,,= static tangent modulus of elasticity.

No conclusion could be derived from the available test results regarding the
effects of moisture content, compressive strength, and confinement on the dynamic

moduli of elasticity.

3.5 THE CONSTITUTIVE MODEL FOR CONCRETE

The following constitutive model (Figure 3.4) is based on Equations (3.8) and
(3.9), which were derived from a relatively large number of dynamic compressive

test results reported by different investigators:

' 2¢ €
K —_
KKl [0.0021(11(3 [0.0021{11(3 ”

for € <0.002K, K3
[ = (3.10)
K\K,f, [1 —z(e — 0.002K1K3)] > 0.2K ,K,f,

for € > 0.002 K, K3

\
where,

f = concrete compressive stress;
€= concrete compressive strain;

c

p, = volumetric ratio of transverse reinforcement to concrete core;

f c' = 28-day compressive strength of concrete;
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f yn = yield strength of transverse reinforcement;
0.5

! . B2

3 + 0.002

__I___L + il’a [L —0.002K K,
fl—1000 4 °|s

h' = width of concrete core measured to outside of the transverse

2 ==

reinforcement;

s = center to center spacing of transverse reinforcement;

p 2.54 + 0.580 log,o¢ + 0.0543(log;0€)? for saturated concrete
77 [1.48 + 0.160 log,g¢ + 0.0127(log,o¢)? for air-dried concrete

K ;= 1.08 + 0.112 log, ¢ + 0.0193(log10¢)?
(Note : For €<107%/sec, K, = K5 = 1.0)

Stress (f)

0.002K K4 Strain (e)
Figure 8.4 The Constitutive Model for Concrete under Compression

In this model, K, represents the strain rate effect on the compressive strength
of concrete [Equations (3.3), (3.4) and (3.5)], and K5 takes care of the strain rate

effect on the concrete strain at maximum stress [Equation (3.7)]. In deriving this
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model, it was assumed that the strain rate effect on the slope of the descending
branch of the stress-strain diagram is similar to the strain rate effect on the
compressive strength of concrete. Test results presented in Reference 10 support
this assumption. The basic static stress-strain relationship in this model is taken

from Reference 4.

The formulation does not specify a maximum strain at failure. Test results
have shown that, especially for unconfined concrete, the failure strain tends to
decrease as the strain rate increases[loj, but the available experimental data are
insufficient for a quantitative assessment of this strain rate effect. The constitu-
tive model given above closely predicts the strain rate effect on the secant modulus
of elasticity, while it overestimates the strain rate effect on the initial tangent

modulus (which is not usually considered as an important property of concrete).

3.6 COMPARISON WITH TEST RESULTS AND PARAMETRIC STU-
DIES

The advantages of the strain rate-dependent constitutive model given in

Equation (3.10) over the one proposed in Reference 10 are:
(1) its simpiicity and stability,
(2) its generality, in the sense that it was derived using more test results
reported by different investigators,

(3) its capability to distinguish between the strain rate effects on air-dried

and saturated concretes, and
(4) its more accurate consideration of the confinement effects.

Some of these advantages are shown in Figure 3.5(a), which compares the predic-

tions of the model given by Equation (3.10) and the constitutive model of Refer-
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ence 16 with a test result performed on a spirally reinfoced saturated concrete sub-
jected to a dynamic compressive strain rate of 0.0015/sec[15]. The static compres-
sive strength of the 3 in. by 6 in. cylindrical specimen tested in Reference 9 was
8,000 psi, and it was spirally reinfoced having 1/8 in. diameter wires with a yield
strength of 60,000 psi and a pitch of 1 in. This specimen had practically no
cover. It is clear that the Dilger’s model[10] underestimates the strain rate effect
on the compressive strength of saturated concrete and also overestimates the
confinement effect on reducing the slope of the descending branch of the stress-
strain diagram. Figure 3.5(a) also shows the quasi-static constitutive diagram of
concrete as predicted by Equation (3.10), which is observed to compare with test
results far better than the other available model. The proposed model [Equation
(3.10)] also compares well in Figure 3.5(b) with concrete constitutive diagrams
obtained in quasi-static and dynamic tests on columns with a 17.7 in. square cross
section reported in Reference 4. The air-dried concrete in these clolumns had a
compressive strength of 3,600 psi and was confined by 0.39 in. ties with a yield
strength of 44,800 psi and a volumetric ratio of 0.0182. The cover thickness in

the tested specimens was 1.6 in.

Figure 3.6 compares the predictions of the proposed model given by Equation
(3.10) with the test results on air-dried, unconfined specimens tested at two
different strain rates[5]. The theoretical and experimental results are close. The
discrepancy between the theoretical and experimental values of strain at max-
imum stress in Figures 3.5(a) and 3.6 seems to have resulted from the considerable

scatter of the test data in Figure 3.2.

The more significant effect of strain rate on saturated concrete when com-
pared with air-dried concrete is shown in Figure 3.7. This figure compares the
static and dynamic constitutive diagrams predicted by Equation (3.10) for air-

dried and saturated concretes with a compressive strength of 3,670 psi. The
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column studied had an 18 in. square section confined with No. 3 stirrups having a
yield strength of 45,000 psi and a volumetric ratio of 0.0182. The cover thickness

in these columns was approximated at 0.75 in.

Figure 3.8 compares the static and dynamic constitutive models of the
confined air-dried specimen presented in the previous diagram with the static and
dynamic constitutive models of an unconfined air-dried specimen with .the same
compressive strength. This figure shows that confinement considerably reduces
the slope of the descending branch in the stress-strain diagram, while a higher
strain rate slightly increases this slope. Both confinement and higher strain rates

tend to increase the concrete strength.
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3.7 SUMMARY AND CONCLUSIONS

On the basis of many test results reported by different investigators, empiri-
cal models were developed for the strain rate effects on the concrete compressive

strength, strain at maximum stress, and modulus of elasiticity. It was found that

(1) the concrete compressive strength increases at higher strain rates, and

this increase is more significant for saturated concrete,

(2) the strain at maximum stress first decreases and then increases as the

strain rate increases over the static values, and

(3) at higher strain rates, the secant modulus of elasticity of concrete
increases. The initial tangent modulus also increases at higher strain
rates but at a much slower rate when compared with the secant

modulus.

The preceding idealizations of the strain rate effects were used to develop a
practical constitutive model for confined and unconfined concrete subjected to

different compressive strain rates. This model compared well with test results.

The strain rate-dependent constitutive model developed in this chapter for
confined and unconfined concrete under compression can be used in refined (e.g.,
layer) modeling of reinforced concrete sections and elements. Such mode}s can be
applied for dynamic analysis of reinforced concrete structures subjected to seismic,

impulsive, or wind loads.



CHAPTER 4

A STRAIN RATE-SENSITIVE CONSTITUTIVE MODEL
FOR STEEL UNDER TENSION

4.1 INTRODUCTION

The steel yield stress and ultimate strength will increase and the strains
corresponding to these stresses, as well as the strain at the beginning of the strain
hardenig range, will either increase or remain constant with increasing strain rate.
However, the steel modulus of elasticity will not be significantly influenced by the
rate of straining(5,12,22,25,26]. Dynamic tests[22,25,26] have revealed that steels
with lower yield strengths are relatively more sensitive to strain rate variations
than steels with higher strengths. Other factors, such as the chemical properties
and the cold work history of the steel, are also suggested[26] to influence the

strain rate effects.

In this chapter, the strain rate effects on the mechanical properties of struc-
tural steel, deformed reinforcing bars and deformed wires have been compared.
Empirical strain rate-dependent constitutive models for steel have been derived on

the basis of these comparisons.

4.2 TEST RESULTS

37
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Dynamic test results on structural steel , reinforcing bars and deformed wires
have been reported in References 12, 24, 25 and 41. The yield strength in these
tests ranged from 26,000 to 99,100 psi, and they included different types of steel
with different chemical properties. The tests were all performed in tension, and

the specimens were either round or rectangular.

Figure 4.1(a) shows a typical comparison of the static and dynamic stress-
strain diagrams. As shown in this figure, the steel modulus of elasticity is not
influenced by the strain rate variations, but all the load-sustaining properties and

the percentage elongations increase with increasing strain rate.

Figure 4.1(b) shows the ratios of dynamic to static (lower) yield strengths
versus the rate of straining in test results reported by different investigators. This
figure shows that, in spite of the wide scatter in the test results, the steel yield
strength increases with increasing strain rate. The same conclusion is valid for
test results on the steel upper yield strength, as shown in Figure 4.1(c). The steel
upper yield strength seems to be more strain rate-sensitive than the lower yield
strength. The ultimate strength of steel, as shown in Figure 4.1(d), shows an
increase with increasing rate of straining, but at a slower rate when compared

with the increase in yield strength.

Figure 4.1(e) presents the ratio of the measured dynamic to static strain at
the initiation of the steel strain hardening region versus the rate of straining in
dynamic tests. A rapid increase in this strain is observed with increasing strain
rate. The ultimate strain is shown in Figure 4.1(f) to increase rather slowly with

the rate of straining. Note that the scatter in test results is rather large.

4.3 FACTORS INFLUENCING THE STRAIN RATE EFFECTS

In order to find the sources of the considerable scatter in the observed strain
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rate effects (Figure 4.1), the influences of the steel yield strength, the steel type
(structural, bar, wire), and the specimen shape (round, rectangular) were studied.
It was found that the main source of scatter is the steel yield strength, and the
other factors do not noticeably influence the strain rate effects. For example, the
scatter in strain rate effects on the (lower) yield strength shown in Figure 4.1(b) is
considerably reduced when the test results are presented separately for different
ranges of yield strength in Figure 4.2. It is clear in this figure that the strain rate
effect becomes less significant as the yield strength increases. Similar influences of
yield strength are observed in Figures 4.3, 4.4, 4.5 and 4.6 for the strain rate
effects on the upper yield strength, ultimate strength, strain at the beginning of

the strain hardening region, and the ultimate strain of steel, respectively.
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4.4 THE CONSTITUTIVE MODEL FOR STEEL

Considering the influence of yield strength on the strain rate-sensitivity of
the steel mechanical properties, the following expressions were derived in terms of
yield strength for the dynamic to static ratios of the lower and upper yield and

ultimate strengths of steel and its strain hardening initiation and ultimate strains:

]

-i—’- = (—4.51X1077 f, + 1.46) + (—9.20X1077 f, + 0.0927) log ¢ (4.1)

¥
/s _ _ .
ﬁ = (—6.83X107® f, + 1.72) + (—1.37X107® f, +0.144) log ot  (4.2)
/s - _ o
: = (—7.71X1077 f, + 1.15) + (—2.44X1077 f, + 0.04969) log,o¢ (4.3)
€ _ _ .
e (—4.21X107° f, + 4.48) + (—8.41X1078 f, + 0.693) log,o¢  (4.4)

€
— = (—8.93X107° f, + 1.40) + (—1.79X107%f, + 0.0827) log,o¢  (4.5)

4

where,

[ysf ,’ = static and dynamic lower yield strengths of steel, respectively (psi) ;
[osf p' = static and dynamic upper yield strengths of steel, respectively;
SfusS ,’ = static and dynamic ultimate strengths of steel, respectively;
€4,€4 = static and dynamic strain hardening initiation strains of steel,
respectively; and

€y ,e,la static and dynamic ultimate strains of steel, respectively.

These expressions are shown to compare well with test results in Figures 4.2 to
4.6. In each figure, the value of f, used in the corresponding expression is the
average of the maximum and minimum yield strengths of the test results used in
compression.

The above expressions together with the static values of the (lower) yield and

ultimate strengths, and strain hardening initiation and ultimate strains can be

used in the following expressions for constructing the steel monotonic stress-strain
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diagram under the action of dynamic loads. It should be mentioned that since the
upper yield stress is a local phenomenon, it is generally excluded from the steel

constitutive models(8,26].

( 1
E,¢, for ¢, < f,/E,

f, for 2L <e¢ <¢
y Ea 8

fo =1 , , (4.8)
1 112(e, —€,) + 2 € — € fu

f ,
160(c, —ex)+2 € —€ S,

for €, <e¢, < e,
where,
f = steel stress (psi);

€, = steel strain; and

E, = steel elastic modulus ( psi)

The above constitutive model requires practically all the quasi-static charac-
teristic stress and strain vaiues of steel (f y» Jus €4, and €,) which might not be
readily available. For this reasons, a simpler bilinear dynamic constitutive model
was developed for steel subjected to monotonic loading. Selection of the bilinear
form was mainly due to its popularity in static constitutive modeling of steel.
The values required for constructing this model are the static yield stress and ulti-
mate strain, and the static strain hardening modulus of steel (E} ), defined as the
average slope of the static stress-strain diagram in the strain hardening region,

which is about 100,000 psi:

E,e, for €, < fy' /E,
fa = fl fl (4.7)
[y +Ey e, = 2] for = <¢ <e¢,
s E,

where,
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E,=E, [2x1o-5 +0.0770 + (4X107® f, — 0.185) 1ogwé] ;
[, = static steel yield strength (psi).

The above formulation for the dynamic strain hardening modulus was derived by
curve fitting to the experimentally obtained slopes of the line connecting the yield

and ultimate points on the stress-strain diagrams of steel.

Figures 4.7(a) and (b) compare the constitutive models derived using Equa-
tions (4.6) and (4.7) with the experimental monotonic stress- strain diagrams
presented in Reference 22 at two different strain rates for steel specimens with
yield strengths of 34,000 and 44,500 psi, respectively. As shown in these figures,
both models compare satisfactorily with test results. The best comparison is
obtained with Equation (4.6) which requires more experimental data on steel
static properties. Equation (4.7), which is in the simple and popular bilinear
form, also seems to be capable of predicting test results with relatively small

€rrors.

4.5 SUMMARY AND CONCLUSIONS

Dynamic test results reported by different investigators on structural steel,
deformed bars, and deformed wires subjected to monotonic tension were used for
deriving empirical expressions for the ratios of static to dynamic values of the
yield and ultimate strengths, yield and ultimate strains, and the strain at the end
of the yield plateau. The principal variables in the expressions are the rate of
straining and the steel static yield strength. These expressions were then used for

developing dynamic constitutive models for monotonically loaded steel.
The following conclusions can be drawn from this chapter:

(1) All the characteristic stress and strain values on the steel monotonic con-

stitutive diagram increase with increasing strain rate. The yield
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strength is more strain rate-sensitive than the ultimate strength. The

steel modulus of elasticity is independent of the rate of straining.

The main factor influencing the strain rate effects is the static yield
strength of steel. The mechanical properties of steel with lower yield

strength are more strain rate-sensitive.

No considerable difference was observed between the strain rate effects

on structural steel, deformed bars, and deformed wires.

The empirical strain rate-dependent constitutive models proposed in this

chapter for steel subjected to monotonic loading compare well with test

results.

The proposed dynamic constitutive models of steel can be used for
developing strain rate-sensitive analytical models of reinforced concrete
and steel elements under the action of dynamic loads. These models can

be used in dynamic analysis of structures subjected to seismic and explo-

sive loadings.




CHAPTER 5

A STRAIN RATE-SENSITIVE MODEL FOR AXIAL/FLEXURAL
ANALYSIS OF REINFORCED CONCRETE ELEMENTS
UNDER DYNAMIC LOADS

5.1 INTRODUCTION

As a result of the increases in material strength and stiffness, the axial-
flexural and shear strengths and stiffnesses of reinforced concrete (R/C) elements
also increase at higher rates of loading (Figure 5.1). Hence, reliable information
on strength and stiffness of R/C elements at higher strain rates is needed to
improve the techniques currently used in dynamic analysis and design of R/C

structures.

The increased strength and stiffness of R/C elements at higher loading rates
might adversely influence the structural response to dynamic loads. This
phenomenon can result in higher element forces induced by the application of
impulsive loads on R/C structures. It might also encourage the tendency towards
the brittle modes of failure, for example in shear or by pull-out of anchorage bars

in joints, under dynamic loads[12].

In this chapter, a refined strain rate-sensitive analytical model for R/C ele-
ments is developed, and it is used for studying the loading rate effects on the

dynamic response of R/C beams and columns. Practical axial and flexural design

50
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techniques are also presented.

5.2 SECTION MODEL

The axial/flexural tangent stiffness matrix of R/C cross section was derived
using the layer modeling technique[42]. In this technique, the cross section is
divided into a number of concrete and steel layers (see Figure 5.2). The strain
increments and strain rates at these layers are calculated from the values of axial
strain increment and strain rate of the section plastic centroid, and the curvature
increment and curvature rate of the section (assuming that plain section remains

plain):

de; = de, +do-y; (5.1)
& =6 + ¢y (5.2)

where,

d¢;= strain increment in the i’th layer;
€;= strain rate in the i'th layer;

d €= strain increment at plastic centroid;
ép= strain rate at plastic centroid;

d ¢= section curvature increment;
é3= section curvature rate;

y; = distance from the centroid of the i'th layer to the plastic centroid

Once the layer strains and strain rates are obtained, tangent stiffness moduli
(E;) of various layers can be calculated using the strain rate-dependent concrete
and steel constitutive models presented in chapters 2 and 3, respectively:

daf (€i€i)

Ef df"

(5.3)

where,
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f (€;,€;) = constitutive equation expressing the value of stress at the i'th
layer in terms of strain and strain rate.

The section stiffness matrix (K,) can then be constructed by proper summa-

tion of the layer tangent stiffness moduli:

el - [ el

dM = bending moment increment at the cross section;

where,

dP = axial load increment at the cross section;

" 2
K=Y AE;y5

f=l

n
K=Ky = Y A E; y;

t=1

Kzz"inE.';
i=1

A; = area of the i’th layer.

5.3 FACTORS INFLUENCING THE AXIAL/FLEXURAL BEHAVIOR
OF R/C SECTIONS

The reliability of the layer modeling technique introduced in the previous sec-
tion has been confirmed through comparisons of its predictions with test results.

The typical comparisons are shown in Figure 5.3[43].

The analysis procedure described in section 5.2 was used to study the effects
of variations in section properties on its response to axial/flexural forces. The
typical beam and column cross sections shown in Figures 5.4(a) and (b), respec-
tively, were chosen as the "standard” sections in this study, and the influence of
variations in concrete and steel strengths, steel ratio, confinement and the rate of

loading on the axial/flexural response characteristics of these sections were investi-
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gated.

5.3.1 Effect of the Longitudinal Steel Yield Strength

Figures 5.5(a), (b) and (c) present the quasi-static (¢ < 107%/sec) moment-
curvature and axial load-axial strain relationships and the interaction diagrams,
respectively, for sections similar to the standard ones, except for their longitudinal
steel yield strengths. It may be concluded from Figure 5.5(a) that the beam
flexural strength is strongly sensitive to the variations in longitudinal steel yield
strength (+ 30% change in yield strength causes about + 30% in the flexural
strength of the standard section). The effect of longitudinal steel yield strength
on the column compressive strength is shown in Figure 5.5(b) to be important,
though not as much as the corresponding effect on the beam flexural strength.
Changing the longitudinal steel yield strength by + 30% changes the standard
column compressive strength by roughly + 10%. Neither the axial nor the
flexural initial stiffnesses of the standard beam and column cross sections were
sensitive to the variations in the longitudinal steel yield strength. Figure 5.5(c),
which presents the column interaction diagrams obtained at a maximum concrete
strain of 0.003, confirms that the sensitivity of section strength to the changes in

longitudinal steel yield strength increases as the flexural action becomes dominant.

5.3.2 Effect of the Concrete Compressive Strength

Figure 5.6 shows the quasi-static axial/fiexural response characteristics of
R/C beam and column cross sections similar to the standard ones, but with
different concrete compressive strengths. It can be seen in Figure 5.6(a) that the
changes in concrete compressive strength have relatively small effects on the beam
flexural stiffness and strength. There are, however, major effects on the column
compressive stiffness and strength resulting from the variations in concrete

strength as shown in Figure 5.6(b). Changing the compressive strength by + 30%
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results in about 4+ 3% and + 25% variations, respectively, in the flexural and

compressive strengths ( and stiffnesses).

5.3.3 Effect of the Longitudinal Steel Ratio

As shown in Figure 5.7(a), the changes in tension steel ratio have major
effects on the beam quasi-static flexural behavior (& 30% changes in the ratio of
tension steel changes the flexural stiffness and strength of the standard beam sec-
tion by ai)out + 30%). The quasi-static flexural response is not, however, much
sensitive to the changes in the ratio of compression steel, as shown in Figure
5.7(b). The reduction in compression steel, however, tends to reduce the ductility
of the beam flexural behavior (that is the flexural resistance at larger deforma-
tions). Figures 5.7(c) and (d) show the axial load-axial strain relationships and
interaction diagrams of sections similar to the standard column, except for their
total steel areas. It is observed that the column axial strength and, to some
extent, its axial stiffness are influenced by the changes in the total area of the
longitudinal steel. The column compressive strength changes by about + 15% as
the total longitudinal steel ratio changes by + 30%. Figure 5.7(d) indicates that
the column compressive strength tends to be more sensitive to the variations in

the total steel area as the flexural forces increase.

5.3.4 Effect of Confinement

Better confinement of concrete can be achieved by increasing the transverse
steel ratio (e.g. by reducing the spacing of lateral steel), and to some extent by
raising the yield strength of transverse steel. Improved confinement increases the
compressive ductility and to a lesser extent the compressive strength of concrete.
Figure 5.8(a).shows that the changes in concrete confinement produced by reduc-
ing the spacing of transverse steel does not influence the beam quasi-static flexural

behavior, noticing that the analytical model used in this study does not account
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for the possibility of compression steel buckling. It is shown in Figure 5.8(b) that
the column quasi-static compressive strength and ductility (represented by
strength at large deformations) are slightly improved by increasing the
confinement. Figure 5.8(c) confirms that the confinement effects become slightly

larger as the compression action tends to dominate the column behavior.

5.3.5 Effect of the Loading Rate

The loading rate variations are shown in Figure 5.9 to have major effects on
the axial/flexural behavior of R/C beams and columns. The data presented in
Figures 5.4 to 5.8 were all preduced at quasi-static loading rates (maximum strain
rate in the order of 10 ~%/sec). From Figure 5.9(a) it may be concluded that the
flexural strength of the standard beam cross section increases by about 20% as the
maximum compressive strain rate of concrete increases from the quasi-static value
to 10 ~!/sec (expected under earthquake and impulsive loads). The initial flexural
stiffness of the beam is not, however, significantly influenced by the changes in
loading rate. Figures 5.9(b) and (c) indicate that the element axial behavior is
more sensitive to the variations in loading rate than its flexural behavior. The
compressive strength and secant stiffness are increased by about 30% as the max-
imum compressive strain rate of concrete in the section is raised from a quasi-

static value of 1078/sec to a dynamic value of 10~1/sec.

5.4 ELEMENT MODEL

The section stiffness matrix derived in section 5.2 was incorporated into an
algorithm for nonlinear axial/flexural analysis of R/C cantilever elements. In
flexural analysis, the inputs to the element analysis are the increments in lateral
displacement, time, bending moment, and axial load at the free end of the cantil-

ever element. In axial analysis, the inputs are the increments in axial deformation
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(of the plastic centroid), time, bending moment and lateral load at the free end.
The model for axial/flexural analysis of R/C cantilever elements was constructed
by: (2) dividing the element into a number of slices along its length as shown in
Figure 5.10(a) (the devisions being more refined near the fixed end that is gen-
erally more critically stessed), and (b) subdiving each slice to a number of steel

and concrete layers as discussed in the previous section (Figure 5.10b).
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The numerical algorithm for inelastic flexural [or axial] analysis of R/C can-

tilever elements is presented below. This method accounts for the loading rate

effects as well as the material and geometric nonlinearities.

(1)

(2)

(3)

(4)

Input the incremetal values of free end lateral displacement (d A,), time (dt),
bending moment (dM, ), and axial load (dP,) for flexural analysis [or lateral
load (dV,), time (dt), bending moment (dM,), and axial displacement (d~,)
for axial analysis]; add these increments to the values at the end of the previ-

ous time step to get the total amounts.

Estimate the total value of lateral load (V,) at the free end for flexural
analysis [or the total value of axial force (P,) for axial analysis] at the com-

pletion of the current time step.
For each slice:

(a) calculate the values of axial force and bending moment at the end of
current time step resulting from the application of the input (and
estimated) values of end flexural, axial and lateral forces. The contribu-
tion of axial load to the bending moment (P-A effect) should be con-

sidered.

(b) using the strain rate-sensitive section analysis formulations presented
earlier, obtain the values of curvature and plastic centroid axial strain
corresponding to the values of applied bending moment and axial load

at a specified loading rate.

Calculate the end lateral displacement in flexural analysis [or axial displace-
ment in axial analysis| of the element corresponding to the estimated values
of end forces by proper integration of the curvatures in flexural analysis [or
plastic centroid axial strains in axial analysis| of slices along the element

length.
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(5) Compare the calulated value of end lateral displacement in flexural analysis
[or end axial displacement in axial analysis] with the corresponding input
value. If the error is unacceptable, revise the estimated value of lateral force
[or axial load], and repeat the procedure from step (3). Otherwise, the
analysis for this time step is complete, and the end values of rotation and
axial displacement in flexural analysis [or ratation and lateral displacement in
axial analysis| can be obtained using the curvatures and plastic centroid axial
strains of slices along the element length. The analysis can then be continued

for the next time step starting from step (1).

5.5 COMPARISON WITH TEST RESULTS

The developed strain rate-sensitve methods for axial/flexural analysis of R/C
elements was used to predict the results of some tests, performed at different load-

ing rates, on R/C columns([4,44] and beams[28].

Reference 14 has reported the results of column tests in which a concentric
axial load was applied at a constant displacement rate. The rate of displacement
increase varied in different tests. Figures 5.11(a) to (d) compare the experimental
axial load-displacement relationships reported in References 4 and 44 with the
predictions of the axial analysis procedure introduced in section 5.4. It can be
seen in these figures that the loading rate effects on axial behavior of R/C
columns are significant, and the developed theoretical approach is capable of

closely predicting the test results.

Experimental lateral load-deflection envelope curves for R/C beams loaded at
different displacement rates are reported in Reference 28. Figures 5.12(a) and (b)
compare these test results with the predictions of the suggested strain rate-

sensitive flexural analysis technique. The proposed analytical approach is
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observed to compare satisfactorily with test results.

5.6 PARAMETRIC STUDIES ON ELEMENT BEHAVIOR

In this section, the effects of the variations in different material and geometric
properties of R/C columns and beams on the sensitivity of their axial/flexural
response to strain rate variations are discussed. The following discussion first con-
centrates on the column axial behavior and then covers the beam flexural perfor-

mance.

5.6.1 Axial Behavior of Columns

The typical column shown in Figure 5.13(a) was chosen as the "standard"
column in this study, and the effects of the variations in different properties of
this column on its strain rate-sensitivity were investigated by the developed
analytical technique. Figure 5.13(b) presents the axial load-displacement relation-
ships of the standard column derived analytically at four different displacement
rates (covering the range from quasi-staic to impulsive loading rates, noticing that
even higher loading ratio might occur under impulsive loads). It is obvious in this
figure that axial strength and stiffness of the standard column increases with
increasing rate of load application. At the highest loading rate, an increase of
30% in column axial strength over the quasi-staic value is observed. The
corresponding increase in column secant stiffness (which is measured at 45% of its
peak axial strength) is also about 30%. The other observation in this figure is
that with increasing loading rate, the deformation at peak axial load is slightly

increased.

The effect of loading rate variations on the column axial strength and secant

stiffness are summarized, among other information, in Table 5.1. In this table,
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Table 5.1 Summary of The Loading Rate Effects on The Axial Behavior

of R/ C Columns

!

Pn /Pn K'y /K‘1

SECTION refined practical refined

analysis Eqn. (5.6) analysis
0.5 1.16 1.16 1.22
standard 5.0 1.25 1.25 1.28
50.0 1.36 1.35 1.31
0.5 1.18 1.17 1.23
low f, (fy =40 ksi ) 5.0 1.28 1.27 1.28
50.0 1.40 1.39 1.37
0.5 1.12 1.13 1.23
high f, (f, = 80 ke) 5.0 1.20 1.21 1.29
50.0 1.31 1.30 1.32
0.5 1.16 1.16 1.23
low A, (A« =80in?) 5.0 1.26 1.25 1.29
20,0 1.37 1.37 1.32
0.5 1.15 1.15 1.22
high A, (A« = 12.48 in®) 5.0 1.24 1.24 1.27
20.0 1.35 1.34 1.30
0.5 1.14 1.16 1.23
low confinement (», =0.0139)| 5.0 1.23 1.25 1.28
50.0 1.35 1.35 1.31
0.5 1.17 1.16 1.23
high confinement ( p, = 0.4164 )| 5.0 1.25 1.24 1.26
20.0 1.37 1.35 1.31
, 0.5 1.18 1.15 1.21
low S (fc =3ksi) 5.0 1.25 1.24 1.26
50.0 1.36 1.34 1.29
. ' P 0.5 1.15 1.16 1.24
high /o (f =6 kai ) 5.0 1.25 1.26 1.30
50.0 1.37 1.37 1.33
0.5 1.39 1.37 1.51
saturated concrete 5.0 1.69 1.65 1.78
90,0 2.07 2.00 2.05
0.5 1.23 1.16 1.15
circular shape (D =22564dn )| 5.0 1.29 1.25 1.24
90,0 1.31 1.35 1.36
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P, and P,: are the quasi-static and dynamic axial strengths, and K, and K ,', are
the quasi-static and dynamic secant axial stiffnesses, respectively. Table 5.1 also
summarized the strain rate effects on columns similar to the standard column,
except for the change in a single variable which could be confinement, concrete
compressive strength, degree of saturation of concrete, or cross sectional shape.
From the data presented in Table 5.1, it may be concluded that the variations in
steel ratio, concrete compressive strength, confinement and cross sectional shape of
columns do not significantly influence the column loading rate-sensitivity. There
is, however, a slight increase in the loading rate-sensitivity of column axial
strength with decreasing yield strength of steel. Both the axial strength and
stiffness of the saturated concrete column are also observed to be far more loading

rate-sensitive than those of air-dried concrete columns.
5.6.2 Flexural Behavior of Beams

In the sudies on strain rate-sensitivity of the R/C beam flexural behavior, a
typical R/C beam shown in Figure 5.14(a) was chosen as the "standard" one. Fig-
ure 5.14(b) shows the lateral load-displacement relationships of this beam derived
analytically at four diffrent displacement rates. The flexural strength, but not the
initial stiffness of the beam, is observed to increase at higher loading rates. The
maximum increase in flexural strength is about 15% at the highest rate of lateral
displacement application used in this study. Table 5.2 summarizes the loading
rate effects on the lateral strength of the standard R/C beams as well as beams
similar to the standard one except for the change in a single variable which could
be steel yield strength, concrete compressive strength, the ratio of compression or
tension steel, confinement, degree of concrete saturation, or the beam length. In
this table, V, and V,,' are the quasi-static and dynamic values of lateral strength,
respectively. From the data presented in Table 5.2, it can be concluded that R/C

beams with lower yield strength steels and higher tension to compression steel
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Table 5.2 Summary of The Loading Rate Effects on The Flexural Behavior

of R/ C Beams

1 1

Vn /Vﬂ Vn / Vn

SECTION refined practical

analysis Eqn. (5.7)

) 0.1 1.08 1.09
standard 1.0 1.11 1.13
5.0 1.15 1.18
0.1 1.11 1.10
low [y (fy =40 kei ) 1.0 1.14 1.15
2.0 1.17 1.21
0.1 1.08 1.08
high f, (f, =60 ksi ) 1.0 1.10 1.12
5.0 1.13 1.16
, 0.1 1.08 1.09
low A, (A, =061in?) 1.0 1.12 1.13
5.0 1.17 1.18
0.1 1.10 1.09
high A, (A, =2.0in?) 1.0 1.15 1.14
) 5.0 1.18 1.18
0.1 1.07 1.09
high confinement( s, = 0.016 ] 1.0 1.10 1.13
9.0 1.15 1.18
, , 0.1 1.07 1.09
high f, (fe =8 ks') 1.0 1.12 1.13
5.0 1L.15 1.17
0.1 1.09 1.09
saturated concrete 1.0 1.13 1.12
5.0 1.17 1.16
( flange width 0.1 1.08 1.07
T - beam 1.0 1.11 1.12
5.0 1.15 1.16
0.1 1.09 1.10
short beam (! =401 ) 1.0 1.12 1.14
2.0 1.15 1.19
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ratios are more sensitive to the variations in loading rate. Beams with saturated
concrete are also more loading rate-sensitive than those with air-dried concrete.
The variations in concrete compressive strength and confinement, element length,
and cross sectional shape do not seem to influence the loading rate-sensitivity of

the flexural behavior of R/C beams.

5.7 PRACTICAL DESIGN PROCEDURES

The layer modeling technique developed in this chapter for loading rate-
sensitive axial/flexural analysis of R/C elements is not convenient for every day
use by designers. This section illustrates two simple design techniqes developed
for computing the axial and flexural strengths of R/C cross sections as functions
of the applied deformation rates. The results of these simple techniques are also
compared with those obtained from the more refined layer analysis procedures

described in section 5.2.
5.7.1 Dynamic Axial Strength
ACI code (318-83)[9] suggests the following equation for calculating the nomi-

nal axial strength (P,) of R/C columns:

P, =085 [, (Ay —Au) + A4y /, (5.5)

where,

A, = gross cross sectional area of concrete;

A, = total area of longitudinal steel.

The above equation has been based on the results of quasi-static tests. This
equation can be modified as follows for calaulating the column axial strength at

high loading rates (P, ):

P, =085 f, (A, —Ay)+Ay [, (5.6)
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where,

Ji c” = dynamic compressive strength of concrete (psi);
fe [1.48 + 0.160 log,oé + 0.0127(log,4¢)?]

for air-dried concrete

fe [2.54 + 0.580 log¢ + 0.0543(log,0¢)?]

for saturated concrete

\

f ; = dynamic yield strength of steel (psi);
= f, [—4.51X107® f, + 1.46 + (—9.20X10~7 [, + 0.0927) log,qé];
é= strain rate (1/sec) > 1075,
[, = standard (quasi-static) yield strength of steel (psi).
Table 5.1 compares the ratios of dynamic to static compressive strengths
obtained from the above equation with those obtained from the refined (layer)
analysis procedure described earlier. The suggested simple approach is observed

to compare well with the test results of the refined analysis.
5.7.2 Dynamic Flexural Strength

The ACI code (318-83)[9] flexural design procedure is based on simplified ulti-
mate flexural strain and stress distributions at cross section shown in Figure 5.15.
It should be noticed that the tension steel area in this approach is assumed to be
small enough (i.e. belov} balanced area) such that the tension steel yields at the
ultimate flexural condition. In order to develop a simple procedure for computing
the dynamic flexural strength of R/C beams, it was assumed that the absolute
values of strain rate in concrete under compression and steel under compression
and tension are equal to the rate of straining at the extreme compression fiber.
This assumption leads to the following procedure for calculating the loading rate-

sensitive flexural capacity of a doubly reinforced beam cross section:

(1) Assume a value for the depth of neutral axis (c in Figure 5.15).
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(2) Find steel stresses:

1

d

In compression, f,. = 87,0006—:——- <f

y
. 1
In tension, f,

(3) Find the new value of ¢ for the above steel stresses:

Aa fyl —Aal fac

a = 11
0.85 f,'b
c= 2%
B
where,
0.05(f.' — 4,000
B= 0.85 — (e ) but, 0.65 < §; < 0.85

1,000

(4) Repeat from step (2) with the new value of ¢ until the change in ¢ is real-

tively small.

(5) Find the strain rate-dependent flexural strength of the section:

My=A, f,(d —d')+085 [, ab(% —d') (5.7)

b 0.003 0.85 f,’

o ® jd | al - foc
A, J“ J
d —t—y- - - — - - - - - -— NA
. e
N
A,
oo o e Ly
" Strain Distribution Stress Distribution
At Failure At Failure

Figure 5.15 Simplified Flezural Strain and Stress Distributions at i uuure
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The value of strain rate at the extreme compressive fiber (¢) used for calcu-
lating f y' and f c” in the above equation should be obtained from the given rates

of displacement application to the beam, using approximate analytical techniques.

The suggested procedure for calculating the loading rate-dependent flexural
strength of R/C sections was applied to all the beams used in the numerical study
discussed earlier. The results are compared with the predictions of the refined
(layer) modeling technique in Table 5.2, and the comparison is observed to be

satisfactory.

5.8. SUMMARY AND CONCLUSIONS

Empirical strain rate-sensitive constitutive models of steel and concrete were
incorporated into an analytical procedure for axial/flexural analysis of R/C
beam-columns at different loading rates. The analytical predictions compared well
with quasi-static and dynamic test results. Simple practical analysis procedures
were also developed for calculating the axial and flexural strengths of R/C

columns and beams as functions of the applied loading rates.

The refined (layer) analytical method was used to perform a numerical study
on the sensitivity of the axial and flexural performances of R/C sections and ele-
ments to the changes in steel and concrete strengths, concrete confinement and the

rate of load application. The results of this numerical study indicated that:

(a) Variations in longitudinal steel yield strength have major effects on the
flexural strength, and some important effects on the axial strength of the typ-
ical beam and column cross sections considered in this study (& 30% varia-
tions in the longitudinal steel yield strength causes changes of the order of +
30% in flexural strength and + 10% in axial compressive strength). The

axial and flexural stiffnesses, however, are not much influenced by the varia-



(d)

(e)

(f)

(8)
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tions in yield strength.

Variations in the concrete compressive strength have relatively small effects
on the beam flexural behavior, but major effects on the column compressive
stiffness and strength. For the typical beam and column cross sections stu-
died here, 4 30% changes in concrete compressive strength resulted in varia-
tions of about + 3% and + 25%, respectively, in the flexural and compressive

strengths (and stiffnesses).

The flexural behavior of reinforced concrete beam sections is strongly
influenced by the variations in the tension steel ratio, but not much by the
changes in compression steel ratio. A + 30% change in tension steel ratio
results in about + 30% change of a typical beam flexural stiffness and
strength. The axial strength and stiffness of R/C column cross sections are
also found to be sensitive to the variations in their total steel area. Changes
of the order of + 15% were observed in strength of a typicaal column as a

result of 4 30% changes in the total steel area.

Increased confinement does not have major effects on the beam flexural
behavior (neglecting the possibility of compression steel buckling). It, how-

ever, slightly increases the compression strength and ductility of the column.

Under typical impulsive loading rates, the axial strength and stiffness of typi-
cal R/C columns increase by about 30% over the corresponding quasi-static

values.

The flexural strengths of typical R/C beams increase by about 15% at typi-
cal impulsive loading rates over the quasi-static values. The flexural
stiffnesses of R/C beams is not much influenced by the loading rate varia-

tions.

The loading rate-sensitivity of R/C column axial behavior increases with

decreasing yielding strength and increasing degree of saturation of concrete.



(h)

82

The variations in steel ratio, concrete compressive strength, confinement and
cross sectional shape of columns do not significantly influence the column

loading rate-sensitivity.

The loading rate-sensitivity of R/C beam flexural behavior increases with
decreasing steel yield strength and increasing steel ratio and concrete degree
of saturation. The variations in concrete compressive strength, conﬁnemeht,
and element length and cross sectional shape do not significantly influence

the loading rate-sensitivity of R/C beams in flexure.



CHAPTER 6

INELASTIC MODELING OF REINFORED CONCRETE ELEMENTS
UNDER CYCLIC FLEXURAL AND SHEAR FORCES

6.1 INTRODUCTION

Total lateral displacements in reinforced concrete beams result from the
flexural and shear deformations. Each of these displacement components has dis-
tinct hysteretic characteristic (Figure 6.1) [6,28]. The shear hysteresis is dis-
tinguished from the flexural one by severe stiffness and strength deteriorations and
lower energy dissipation. Shear deformations, due to their deteriorating nature,
tend to gradually dominate the lateral response of R/C beams to repeated inelas-

tic load reversals.

The available analytical models for predicting the hysteretic behavior of R/C
beams are generally based on the assumption that flexure fully dominates the ele-
ment behavior([32]. These models can not properly idealize the inelastic shear
deformation, and this generally leads to poor comparisons between the analytical
and experimental hysteretic curves, especially after large inelastic cyclic deforma-

tions in elements subjected to relatively high shear stresses.

A practical model for predicting the hysteretic behavior of R/C beams has
been developed in this chapter. The model accounts for the distinct hysteretic
characteristics of shear and flexural deformations, and its predictions compare well
with test results performed on R/C elements with a variety of geometric and

material properties.

83
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6.2 BACKGROUND

In this section, first the hysteretic characteristics of R/C beams observed in
test results will be discussed, and then the available models for these characteris-
tics will be critically reviewed. The section will conclude with a brief discussion
on the influence of element models on the overall seismic response characteristics

of R/C structures.
6.2.1 Test Results

Reference 33 has compared the histories of shear and flexural displacements
in a beam under cyclic loads (Figure 6.2). The results confirmed that the shear
deformations, due to their deteriorating nature, tend to dominate the behavior at

later cycles.

The beam inelastic deformations are generally concentrated in the critical
regions near the beam-column connections, where the flexural and shear forces are
both relatively large. The performance in these regions is marked by the appear-
ance of flexural and shear cracks (Figure 6.3a) which intersect the opposite cracks

under load reversals (Figure 6.3b) and from vertical slip lines[45].

The relatively small flexural degradations observed under cyclic loads are
usually attributed to the reduction in stiffness during the closure of cracks (that
have opened under loads in the opposite direction), the Bauschinger effect in steel
bars, and buckling of the compression reinforcement[45,46]. The relatively large
shear deteriorations are caused by closure of the diagonal cracks that remain open
when the loading in the opposite direction is removed, sliding shear along the
vertical slip lines shown in Figure 6.3(b), and the loss of shear transfer by truss

action resulting from spalling of the concrete in critical regions[6,8,28,46].

The R/C beam hysteretic characteristics are influenced by the element shear
stress level (or shear span-to-depth ratio), longitudinal steel percentage and

configuration, and transverse steel ratio. In general, the stiffness and strength
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87

deteriorations are more pronounced in elements with higher shear stress
levels(7,45,46](see Figure 6.4). An increase in the percentage of longitudinal steel
increases the flexural stength and consequently the maximum shear stresses that
can be applied in R/C beams. This increase in shear strength seems to be the
main reason for the inferior hysteretic behavior of elements with higher longitudi-
nal steel ratios[45,46]. The configuration of longitudinal steel also influences the
element hysteretic characteristics. With the ratio of top to bottom steel areas
approaching unity, the flexural hysteresis is observed to become more stable[46].
Finally, the increase in transverse steel ratio generally improves the element hys-
teretic behavior by increasing the shear friction resistance, confinement of the con-
crete core, and by providing support against buckling of the longitudinal

bars[7,45].

6.2.2 Analytical Models

This section briefly reviews the common physical idealizations for simulating
the flexural and shear behaviors of R/C beams, and then presents the hysteretic

models commonly applied to R/C elements.

The flexural behavior of R/C beams has been physically idealized by the
layer modeling technique[16] (Figure 6.5a), the multi-spring models[32] (Figure
6.5b), the single component simulation[8] (Figure 6.5c), the parallel multi-
component models[47] (Figure 6.5d), and the single component models with distri-
buted inelasticities[32] (Figure 6.5¢). The physical idealizations of shear behavior
in R/C beams have generally been based on a rotational simulation[48] (Figure
8.6a), a truss simulation(8] (Figure 6.6b), or a single spring simulation[8] (Figure
8.8¢c) of the performance. Many investgators have neglected the shear deforma-
tion, and some have assumed that the ratio of shear to flexural stiffnesses in the

inelastic range is constant and equal to this ratio in the elastic range[28,32].
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The physical models presented above generally require certain hysteresis rules
for predicting the element behavior under cyclic loads. A wide variety of hys-
teresis models (or rules) are available in the literature, a number of which are

presented in Figure 6.7 [8,32,37,48-54).

The avialable analytical models for predicting the hysteretic behavior of R/C
beams, usually consisting of a physical model (Figures 6.5 and 6.6) and some hys-
teretic rules (Figure 6.7), generally disregard the significant increase in shear
deformations caused by repeated inelastic load reversals. A very popular (and
typical) model proposed in Reference 55 has been based on a single component
physical idealization of flexural behavior (Figure 6.5¢) and the Takeda hysteresis
rules (Figure 6.7c). The shear deformations are accounted for in this model by
assuming that the ratio of the shear to flexural deformations is constant in both
the elastic and inelastic ranges. This ratio is, however, relatively small in the elas-
tic range and it has been observed to increase (due to the more severe deteriora-
tions of the shear resisting mechanisms compared with the flexural ones) under
inelastic load reversals. Disregard for this increase in shear deformations is shown
in Figures 6.8(a), (b), and (c) to lead to major discrepancies between the analytical
and experimental results. These discrepancies are observed to be more pronounced
for beams with smaller shear span-to-depth ratios (and consequently higher shear

stress levels).

The analytical predictions of the inelastic seismic response characteristics of
R/C frames have generally been based on element models incapable of accurately
predicting inelastic shear deformations. Large deviations from test results, similar
to the one shown in Figure 6.8, are expected in the analytical predictions of these
element models. This shortcoming can produce large discrepancies in the
predicted response of frame structures (especially those with relatively deep ele-

ments) under severe seismic excitations. The disregard for the deteriorations in
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shear stiffness and strength have been observed to result in increased deforma-
tions, longer periods of vibration and premature failures in actual structures when
compared with the idealized ones under earthquake ground motions. Hence, it is
important to develop element models which account for the inelastic shear defor-
mations in predicting the hysteretic behavior of R/C beams, in order to achieve
more reliable predictions of nonlinear seismic response characteristics of R/C

structures.

6.3 THE PROPOSED ELEMENT MODEL

The element model developed in this study, which consists of a physical
idealization of the element and hysteretic rules for flexural and shear force resis-

tance mechanisms, is described below.
6.3.1 Physical Idealization

Figure 6.9 presents the physical model of R/C beams used in this study. In
this model, all the shear and flexural elasto-plastic deformations under seismic
forces are assumed to be concentrated at dimensionless end springs. In order to
differentiate between the hysteretic rules of shear and flexure, distinct springs
representing each of these types of behavior are attached to the beam. The

behavior of each spring is defined by a skeleton curve and a set of hysteretic rules.

The model shown in Figure 6.9 is a refined version of the single-component
model. It is practical (economical), because it involves limited number of degrees
of freedom. A comprehensive review of the literatures also indicates that its accu-
racy in predicting the flexural response is comparable to that of the more complex
ones like the multiple spring model (Figure 6.5d) and the single component model
with distributed inelasticies (Figure 6.5¢). The key advantage of the model pro-
posed in Figure 6.9 is, of course, its capacity to account for the distinct hysteretic

characteristics of shear and flexural deformations which leads to major
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improvements in its accuracy as the shear deformations tend to dominate the

behavior in later inelastic load cycles.
6.3.2 Hysteretic Rules of Flexure and Shear

In order to form the tangent stiffness matrix of the element model presented
in Figure 6.9, the tangent stiffness of each of the springs needs to be derived
(using its force-deformation relationship) as a function of the level and history of
loading. In the following, first a general set of hysteresis rules capable of simult-
ing a variety of hysteresis characteristics (by proper selection of the variables
involved) are introduced. Then the hysteretic parameters for flexural and shear
types of behavior, which have been derived empirically, are presented. In this
presentation, the spring forces (F) might be flexural or shear force, depending on
the type of the spring, and the spring deformation (X) might be flexural rotation
or shear deformation. The cyclic force-deformation model presented below con-

sists of a skeleton curve and a set of hysteresis rules.

A bilinear curve (Figure 6.10) has been selected in this study, mainly due to
the fact that the more complex trilinear and cuvilinear ones do not significantly
improve the accuracy of the model(8,32,49]. The initial loading takes place
linearly with the stiffness K; up to the yield force F,, at deformation X,.

Thereafter the stiffness drops to a strain hardening value of Kj,.

Unloading before yielding takes place on the loading curve (with a stiffness
equal to K;). In the post-yield region, the unloading stiffness (K, ) will be decided
using the parameter o (see Figure 6.10). This parameter should be derived empir-
ically for each spring type.

The rule for reloading towards the skeleton curve in the opposite direction is
illustrated in Figure 6.11. The point on the skeleton curve (R) towards which the
reloading occurs is defined by a parameter B that can have any value greater than

zZero.
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The basic reloading rules presented in Figure 6.11 have to be refined to
account for the pinching effect which is dominant in shear behavior and the
Bauschinger effect displayed especially by the flexural behavior. For this purpose,
a line is specified which intersects the horizontal (deformation) axis at the same
point as the strain hardening portion of the skeleton curve, and its slope is a frac-
tion (¢) of the skeleton curve hardening stiffness (see Figure 6.12). Another hys-
teretic parameter 7y, that is between -1.0 and 1.0, defines the degree to which the
actual reloading path deviates from a straight line. A positive value of ~ (Figure
6.12a) is indicative of the Bauschinger effect, while a negative value (Figure 6.12b)

leads to the pinching of the reloading path.

The majority of load cycles sustained by a structural element during a
seismic event have deformation amplitudes within the bound of previous max-
imum and minimum deformations. Upon a small-amplitude load reversal, if the
reloading takes place towards the skeleton curve (indicating a large-amplitude
reversal from the skeleton curve in the previous half-cycle), the path shown in Fig-
ure 6.13 will be followed. If reloading is in a direction with the previous load
reversal being incomplete, the reloading would take place towards the peak point
of the incomplete cycle. This reloading path will involve pinching and bowing if
the incomplete cycle peak is above the line with slope ¢ discussed earlier (Figure
6.14a). Otherwise, it will simply be a straight line from the horizontal axis to the

peak of the previous incomplete cycle (Figure 6.14b).

It should be noted that the small amplitude rules apply as far as the cyclic
deformations are within the previous maximum and minimum values. If any of

these limits are exceeded, the regular large-amplitude rules will be effective again.

The suggested hysteretic rules are quite versatile and, depending on the
values of their parameters, they can represent a wide variety of hysteretic charac-

teristics as shown in Figure 6.15.
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6.3.3 Selection of The Hysteretic Parameters

In order to complete the hysteretic simulation of the flexural and shear
springs in the proposed element model, the yield force, the initial and strain har-
dening stiffnesses and the hysteretic parameters (o, B, 7, and ¢) of these springs
have to be determined. The empirical values of these variables or the analytical

methods for calculating them are presented below.

Yielding of the flexural and shear springs in Figure 6.9 is assumed to occur
simultaneously when the bending moment in the flexural spring reaches the
flexural yield strength of the R/C cross section. The reported test data of R/C
beams support this assumption. The yield moment in flexure can be derived using
the simplified strain and stress distributions presented in Figure 6.16. At the
yield point, the concrete stress distribution across the section is assumed to be
linear, and yielding of the tension steel is assumed to mark the yield point. The
depth of neutral axis in Figure 6.16 can be obtained from the equilibrium of axial
forces, and then the yield moment of the cross section can be derived. The force
in the shear spring at yielding of the flexural spring is assumed to be the yield
shear force. For unsymmetric sections, the yield values of shear force and bending

moment should be calculated for both loading directions.

The initial flexural and shear stiffnesses of the springs are based on the
moment of inertia and the area of the cracked transformed cross section (Figure

6.17), using the conventional elastic formulations.

It should be mentioned that in calculating both the yield and initial
stiffnesses of the flexural and shear springs, it is assumed that the inflection point
of the element under seismic forces is at the element mid-length (Figure 6.19).
Hence, the shear spring force is always equal to the flexural spring bending
moment devided by half the element length, and the initial stiffnesses of the

flexural and shear springs at each end represent the elastic flexural and shear
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stiffnesses of half the element (treated as a cantilever beam with a cracked tras-
formed cross section). The variations in inflection point location under seismic
forces has been observed to have relatively small effects on the element response
characteristics[39], and the assumption of a fixed inflection point at mid-length

seems to be warranted.

The strain hardening ratio (the strain hardening stiffness over the initial
stiffness) and the hysteretic parameters of the flexural and shear springs were
derived empirically using the test data presented in References 6-8, 28, 37, 45 and
46. All these references have reported the results of cyclic tests on R/C beams
with separate measurements of the flexural and shear deformations. The test
techniques used in these refernces have eliminated, to a large extent, the deforma-
tions associated with the fixed-end rotation. Table 6.1 presents the values of

these vaiables for the flexural and shear springs (see Figure 6.18).

Table 6.1 Empsrical Values of The Strain Hardening Ratio and Hysteretic
Parameters of The Flezural and Shear Springs

Strain
Spring  Hardening B ~ §
Type Ratio

Flexural 0.021 0.16 0.97 042 0.75
Shear 0.043 0.11 1.22 -0.49 0.29

6.4 FORMULATION OF THE ELEMENT TANGENT STIFFNESS
MATRIX

The hysteretic models of the flexural and shear springs in the proposed ele-
ment model (Figure 6.9) can be used to derive the tangent stiffnesses of these
springs at any step in the loading history. These stiffnesses can be used in con-

structing the overall tangent stiffness matrix of the element. In the following, the
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tangent stiffness matrices for cantilever beams (commonly used in experimental
studies) and a general beam element (for incorporation in the overall structural

analysis programs) will be developed.

The cantilever beam (Figure 6.20) has only one degree of freedom, that is the
lateral displacement () at the free end of the element. This displacement results
from the shear deformation of the shear spring and rotation of the flexural spring:

d§=ds, +1-d6;

v, dv
K, 'K

1L

=dV
K, = K

(6.1)

where,

d &= incremental displacement at free end ;
d §,= shear spring incremental deformation ;
d 0f = flexural spring incremental rotation ;
dV = incremental lateral load at free end ;

l= cantilever element length ;

K, = shear spring tangent stiffness ;

K, = flexural spring tangent stiffness.

Hence, the tangent stiffness (K;) of cantilever element shown in Figure 6.8 can be

derived from the following expression:

=1
1 l

K TK

ds (6.2)

In a general beam element, there are six displacement degrees of freedom (r,;,
Tyir Toi» Tzjs Tyj» and ry;), shown in Figure 6.21(a). These six degrees of freedom
may be condensed to the rotation at each end of the element (6;, 6;) and the

change in element length AL, as shown in Fig. 6.21(b). The beam axis will be
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(a) Six Degrees of Freedom
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Figure 6.21 Displacement Degrees of Freedom in A Genaral Beam Element
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rotated due to the end translation by an amount 6, and it will be

0= [(r”- — 1) cosp — (1, — 1) sim,l)]/L

where,

1= element orientation angle;
L = total element length.

Hence, the total rotation of each end of the element will be

;=0 +ry,

The change in element length is given by

AL = (r;; — ry;)cosp + (ry; — r,i)siny

(6.3)

(6.4)

(8.5)

Deformations of the element degrees of freedom are correlated with the shear

and rotational deformations in the shear and flexural springs, respectively. Incre-

mental deformations in the shear springs change the element rotation (d6,) by:

dv
K, L

df, =
where,

dV = incremental shear force at element ends
dM; + dM; ]

—

dM; = incremental moment at end ¢ ;

dM;= incremental moment at end j ;
L = total element length ;
1
K,= ;
’ l/Kci + 1/I{«sj ’
K,; = tangent stiffness of shear spring at end 1 ;

K, ;= tangent stiffness of shear spring at end 7.

(6.6)

The incremental element end rotations caused by the flexural spring rotations

(df;; and d 8;;) are given by:
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i, (6.7)

Kyj
Adding the shear and flexural components, the total element end rotations

can be obtained as follow:

{do,-} {de, + def,.}

1 + 1 1
K,L?2 K K,L? | |dM;
= 1 1., 1 [lam; (68)
+ ]
| K,L? K,L? K,;; ]
Hence, the element tangent stiffness matrix (K) is,
1, 1 1 B
K,L?* K K,L?
K=" / LT (6.9)
+
K,L? K,L? K ;i

The element tangent stiffness matrix (Kg) in the global coordinates, for
incorperation into the structural stiffness matrix, can be obtained through an

appopriate transformation:

[Ke] =T -[K][T] (6.10)

where, [T] is a transformation matrix which can be obtained from Equations (6.3)

and (6.4):
T Ty Tei I Ty Tej
siny cos siny  cosy o
- L L L 1. ]
T= siny cosy 0 sin’  cost : (6.11)
L L L L

In Equation (6.10), [T]T is the transpose matrix of [T].
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The above element tangent stiffness matrix can be used to construct the
overall tangent stiffness matrix of complete structural systems for performing

incremental nonlinear static and dynamic analysis of structures.

6.5 COMPARISON WITH TEST RESULTS

A large number of cyclic test data on R/C cantilever beams have been
reported in the literature. This section compares the experimental cyclic load-
deformation relationships with the predictions of the developed models. Six tested
R/C beams with a variety of geometric and material characteristics were selected
for this comparative study. Some major properties of these elements are given in
Table 6.2. In this table, ! is the element length, {/d is the shear span to depth
ratio, b is the (rectangular) cross sectional width, p and p are the ratios of bot-
tom and top reinfocements, and p, is the volumetric ratio of transverse reinfoce-
ment at the critical location near the fixed end, é.nd f c’ and f y are the concrete

compressive strength and steel yield strength, respectively.

Table 6.2 Properties of R/C Beams Used in Comparison
Between The Tests and Theory

II?Iec:m l(in) 1/d b p=7 Pe folksi)  fy(ksi) Ezf

1 59 3.1 79 0.0178 0.0043 6.11 45.11 351

59 3.1 79 0.0178 0.0043 5.45 44.38 51
59 3.1 79 0.0178 0.0043 4.82 45.11 51
60 4.7 15.0 0.0103 0.011 4.75 544 35
60 4.7 150 0.0103 0.013 4.06 51.8 35

o s W N

60 4.7 15.0 0.0103 0.020 425 51.8 35
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Figures 6.22(a) and (b) compare the total cyclic force-deformation relation-
ships obtained experimentally and theoretically, respectively, for the cantilever
beam No. 1 (see Table 6.2). The proposed model is observed to be capable of
predicting the test results with a reasonable accuracy. Figures 6.22(c) and (d)
compare the experimental and theoretical flexural components, and Figures 6.22(e)
and (f) compare the experimantal and theoretical shear components of the cyclic
deformations. These figures (both experimental and theoretical ones) indicate that
shear deformations play an increasingly important role in the element deforma-

tions under repeated inelastic load cycles.

Another comparison between the experimental and the theoretical total,
flexural, and shear cyclic load-deformation relationships is presented in Figure
6.23 for the beam No. 2 of Table 6.2. Here also the model is observed to satisfac-
torily predict the test results. It is also interesting to notice that at the relatively
large inelastic cycles repeated with the same amplitude (see for example, the last
four cycles in Figures 6.23a and b), the flexural end displacenients (Figures 6.23¢
and d) tend to decrease while the shear deformation (Figures 8.23e and f) continue

to increase under repeated cycles.

Another comparison between the experimental and theoretical total, flexural
and shear load-displacement relationships is given in Figure 6.24. The theoretical
results for this beam (No. 3 of Table 6.2) are also observed to compare well with

the experimental ones.

Figures 6.25 through 6.27 present comparisons between the experimental and
theoretical total cyclic load-displacement relationships for beam Nos. 4, 5 and 6,
respectively, of Table 6.2. In all these beams, which have relatively low shear
forces compared to beam Nos. 1 to 3, a reasonable comparison can be observed

between the experimental and theoretical results.
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6.6 SUMMARY AND CONCLUSIONS

Under monotonic loads, shear deformations generally constitute only a minor
fraction of the overall displacements of the R/C beam elements. Consequently,
the shear deformations have traditionally been neglected in analytical modeling of
the R/C elements. Repeated inelastic load reversals, however, tend to deteriorate
the shear resisting mechanisms in a faster pace than the flexural ones. Hence,
shear deformations play an increasingly important role in determining the element
behavior under inelastic load cycles, and the disregard for shear deformations in
analytical modeling can lead to major discrepancies between cyclic test results and

theoretical predictions.

A practical element model was developed in this study to predict the hys-
teretic behavior of R/C beams, accounting for the distinct hysteretic characteris-
tics of shear and flexural deformations. All the elasto-plastic deformations were
assumed to be concentrated in dimensionless serial shear and flexural springs at
the element ends. The behavior of each spring was defined by a semi-empirical
skeleton force-deformation curve and a set of empirical hysteretic rules which were
derived from the available cyclic test results on R/C beam (in which the shear and

flexural deformations were measured separately).

Based on the developed physical model (with concentrated shear and flexural
springs), tangent stiffness matrices were constructed for cantilever beams and gen-

eral beam elements.

The element model was checked against the results of a number of cyclic tests
performed on R/C cantilever beams with wide ranges of geometric and material
properties. The comparison between test and theory was satisfactory, and both
the experimental and theoretical cyclic load-deformation relationships indicated

that the repetition of inelastic load cycles leads to a growing dominance of shear

deformations in the cyclic behavior of R/C beams.




CHAPTER 7

SUMMARY AND CONCLUSIONS

This investigation dealt with two critical aspects of the dynamic response
characteristics of R/C structures which are generally neglected in developing
dynamic analysis and design procedures. These two aspects are the effects of the
relatively high strain rates induced by the dynamic (e.g., seismic and impulsive)
loads in structures, and the role of shear deformations in the cyclic load-

deformation behavior of R/C elements and structures.

In the first phase of this investigation, summarized in chapters 2 to 5, refined
strain rate-sensitive models were developed for nonlinear axial-flexural inelastic
analysis of R/C elements under monotonic dynamic loads. These models were
used to assess the strain rate-sensitivity of the axial behavior of R/C columns and
the flexural behavior of R/C beams. The steps involved in this phase of the

research, and conclusions at each step are presented below.

Constitutive Modeling of Concrete

On the basis of many test results reported by different investigators, empiri-
cal models were developed for the strain rate effects on the concrete compressive

strength, strain at maximum stress, and modulus of elasiticity. It was found that

(1) the concrete compressive strength increases at higher strain rates, and this

increase is more significant for saturated concrete,

-~
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(2) the strain at maximum stress first decreases and then increases as the strain

rate increases over the static values, and

(3) at higher strain rates, the secant modulus of elasticity of concrete increases.
The initial tangent modulus also increases at higher strain rates but at a

much slower rate when compared with the secant modulus.

The preceding idealizations of the strain rate effects were used to develop a
practical constitutive model for confined and unconfined concrete subjected to

different compressive strain rates. This model compared well with test results.

Constitutive Modeling of Steel

Dynamic test results reported by different investigators on structural steel,
deformed bars, and deformed wires subjected to monotonic tension were used for
deriving empirical expressions for the ratios of static to dynamic values of the
yield and ultimate strengths, yield and ultimate strains, and the strain at the end
of the yield plateau. The principal variables in the expressions are the rate of
straining and the steel static yield strength. The following conclusions was

derived:

(1) All the characteristic stress and strain values on the steel monotonic constitu-
tive diagram increase with increasing strain rate. The yield strength is more
strain rate-sensitive than the ultimate strength. The steel modulus of elasti-

city is independent of the rate of straining.

(2) The main factor influencing the strain rate effects is the static yield strength
of steel. The mechanical properties of steel with lower yield strength are

more strain rate-sensitive.

(3) No considerable difference was observed between the strain rate effects on

structural steel, deformed bars, and deformed wires.
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(4) The empirical strain rate-dependent constitutive models proposed in this
chapter for steel subjected to monotonic loading compare well with test

results.

Element Modeling and Numerical Studies

Empirical strain rate-sensitive constitutive models of steel and concrete were
incorporated into an analytical procedure for axial/flexural analysis of R/C
beam-columns at different loading rates. The analytical predictions compared well
with quasi-static and dynamic test results. Simple practical analysis procedures
~ were also developed for calculating the axial and flexural strengths of R/C

columns and beams as functions of the applied loading rates.

The refined (layer) analytical method was used to perform a numerical study
on the sensitivity of the axial and flexural performances of R/C sections and ele-
ments to the changes in steel and concrete strengths, concrete confinement and the

rate of load application. The results of this numerical study indicated that:

(1) Variations in longitudinal steel yield strength have major effects on the
flexural strength, and some important effects on the axial strength of the typ-
ical beam and column cross sections considered in this study (£ 30% varia-
tions in the longitudinal steel yield strength causes changes of the order of +
30% in flexural strength and + 10% in axial compressive strength). The
axial and flexural stiffnesses, however, are not much influenced by the varia-

tions in yield strength.

(2) Variations in the concrete compressive strength have relatively small effects
on the beam flexural behavior, but major effects on the column compressive
stiffness and strength. For the typical beam and column cross sections stu-
died here, & 30% changes in concrete compressive strength resulted in varia-

tions of about + 3% and + 25%, respectively, in the flexural and compressive
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strengths (and stiffnesses).

The flexural behavior of reinforced concrete beam sections is strongly
influenced by the variations in the tension steel ratio, but not much by the
changes in compression steel ratio. A + 30% change in tension steel ratio
results in about + 30% change of a typical beam flexural stiffness and
strength. The axial strength and stiffness of R/C column cross sections are
also found to be sensitive to the variations in their total steel area. Changes
of the order of 4+ 15% were observed in strength of a typicaal column as a

result of £ 30% changes in the total steel area.

Increased confinement does not have major effects on the beam flexural
behavior (neglecting the possibility of compression steel buckling). It, how-

ever, slightly increases the compression strength and ductility of the column.

Under typical impulsive loading rates, the axial strength and stiffness of typi-
cal R/C columns increase by about 30% over the corresponding quasi-static

values.

The flexural strengths of typical R/C beams increase by about 15% at typi-
cal impulsive loading rates over the quasi-static values. The flexural
stiffnesses of R/C beams is not much influenced by the loading rate varia-

tions.

The loading rate-sensitivity of R/C column axial behavior increases with
decreasing yielding strength and increasing degree of saturation of concrete.
The variations in steel ratio, concrete compressive strength, confinement and
cross sectional shape of columns do not significantly influence the column

loading rate-sensitivity.

The loading rate-sensitivity of R/C beam flexural behavior increases with
decreasing steel yield strength and increasing steel ratio and concrete degree

of saturation. The variations in concrete compressive strength, confinement,
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and element length and cross sectional shape do not significantly influence

the loading rate-sensitivity of R/C beams in flexure.

In the second phase of research, summarized in chapter 6, an element model
capable of distinguishing between the shear and flexural hysteretic characteristics
for R/C elements was developed and verified against test results. The findings of

this phase are summarized below.

Under monotonic loads, shear deformations generally constitute only a minor
fraction of the overall displacements of the R/C beam elements. Consequently,
the shear deformations have traditionally been neglected in analytical modeling of
the R/C elements. Repeated inelastic load reversals, however, tend to deteriorate
the shear resisting mechanisms in a faster pace than the flexural ones. Hence,
shear deformations play an increasingly important role in determining the element
behavior under inelastic load cycles, and the disregard for shear deformations in
analytical modeling can lead to major discrepancies between cyclic test results and

theoretical predictions.

A practical element model was developed in this study to predict the hys-
teretic behavior of R/C beams, accounting for the distinct hysteretic characteris-
tics of shear and flexural deformations. All the elasto-plastic deformations were
assumed to be concentrated in dimensionless serial shear and flexural springs at
the element ends. The behavior of each spring was defined by a semi-empirical
skeleton force-deformation curve and a set of empirical hysteretic rules which were
derived from the available cyclic test results on R/C beam (in which the shear and
flexural deformations were measured seperately).

Based on the developed physical model (with concentrated shear and flexural
springs), tangent stiffness matrices were constructed for cantilever beams and gen-

eral beam elements.
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The element model was checked against the results of a number of cyclic tests
performed on R/C cantilever beams with wide ranges of geometric and material
properties. The comparison between test and theory was satisfactory, and both
the experimental and theoretical cyclic load-deformation relationships indicated
that the repetition of inelastic load cycles leads to a growing dominance of shear

deformations in the cyclic behavior of R/C beams.
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