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RELIABILITY-BASED STRENGTH REDUCTION FACTOR FOR BOND

ABSTRACT

The formuladon and calculation of a reliability-based strength-reduction (¢) factor for
developed and spliced bars is described. Conventional and high relative rib area bars, both with
and without confining reinforcement, are considered. The ¢-factor is determined using statistical-
ly-based expressions for development/splice strength and Monte Carlo simulations of a range of
beamns.

A strength-reduction factor of 0.9 is obtained for the design expressions for develop-
ment/splice length, based on a probability of failure in bond equal to about one-fifth of the proba-
bility of failure in bending or combined bending and compression. ¢ = 0.9 is incorporated into
two expressions for development/splice length in a manner that is transparent to the user. A major
advantage of each of the final expressions is that they provide identical values for development and

splice length, removing the need to multiply development length by 1.3 or 1.7 to obtain the length

of most splices.

Keywords: bond (concrete to reinforcement); bridge specifications; building codes; deformed

reinforcement; development; lap connections; reinforcing steels; relative rib area; reliability; splic-

ing; structural engineering; variability.
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INTRODUCTION

Recent work to improve the development characteristics of reinforcing bars by madifving
bar deformation patterns (Darwin and Graham 1993a, 1993b, Darwin, Tholen, Idun and Zuo
1995a) has included a reevaluation of existing development and splice tests and the formulation of
an expression to represent the bond force of bottom-cast bars at development/splice failure (Jrar-
win, Zuo, Tholen, and Idun 1995b).

Based on this analysis, the best-fit equation for the ultimate bond force, Tp, iS

Tb Ab fs cM
Yyl =[631,0c_+ 05d,)+ 2130A,] 0.1*E~—+0.9
f f m
[+] 4
NA .
+2226tt, — + 66 (1)
rd gn
in which Ty = force in bar at development or splice failure, in 1b
Ap = bar area, in in.2
dy = nominal bar diameter, in in.
f, = steel stress at failure, in psi
e = concrete compressive strength, in psi; £;14 in psi
L = development or splice length, in in.
Cm» CM = minimum or maximum value of ¢ or ¢ (Cp/C £ 3.5), in in.
Cs = min (¢ + 0.23 in,, Cso), 1N im.
Csi = one-half of clear spacing between bars, in in.

Cso» Cb = side cover or bottom cover of reinforcing bars, in in.

N = number of transverse reinforcing bars (stirrup or ties) crossing lg

A = area of transverse reinforcement crossing the potential plane of splitiing
adjacent to the reinforcement being developed, in in.2

n = number of bars being developed or spliced along the plane of splitting



t = 9.6 R; + 0.28
7] = 0.72 dy + 0.28
Re = ratio of projected rib area normal to bar axis to the product of the nominal bar

perimeter and the center-to-center rib spacing

The final term in Eq. 1, 66, is used only if the member has confining transverse reinforce-
ment.

Eq. 1 is based on the analysis of 133 development and splice tests of bottom-cast bars
without confining reinforcement and 166 tests with confining reinforcement (Chinn et al. 1955,
Chamberlin 1956, 1958, Mathey and Watstein 1961, Ferguson and Thompson 1965, Ferguson
and Breen 1965, Thompson et al. 1975, Zekany et al. 1981, Choi et al. 1990, 1991, DeVries et al.
1991, Hester et al. 1991, 1993, Rezansoff et al. 1991, 1993, Azizinamini et al. 1993, 1995,
Darwin et al. 1995a). The data base includes specimens with concrete strengths, f'c, between 1820
and 15,760 psi (13 and 109 MPa) and bars with relative rib areas, R,, between 0.056 and 0.140;
the relative rib area has been shown to significantly affect the contribution of transverse reinforce-
ment to bond strength (Darwin and Graham 1993a, 1993b, Darwin et al. 1995a). The effect of R,
is reflected in the expression for t;. R, averages 0.0727 for conventional reinforcement and 0.1275
for newly proposed high relative rib area bars (Darwin et al. 1995a, 1995b).

Eq. 1 produces a mean test/prediction ratio of 1.00, with a coefficient of variation, Ve, of
0.107 for beams in which the bars are not confined by transverse reinforcement and a mean
test/prediction ratio of 1.01, with Vpp = 0.125, for beams in which the bars are confined by
transverse reinforcement.

Eq. 1 can be used to calculate development/splice length, 14, by dropping the final term, 66,

and setting N = ly/s, in which s = spacing of transverse reinforcement, in in.

f c
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in which ¢ = (¢, + 0.5 dp)(0.1 em/em + 0.9), Kir =35.3 tt3A /s, and (¢ + K)/dp £ 4.0
Eq. 2 can be further simplified by setting cpj/c = 1 and dropping 0.25 in. from the defmi.

tion of Cg.
fs
| 17e -2130
4 _ e 3
db c+ Ku
80.2 { )
d,,

in which ¢ = (¢ + 0.5 dp).
Converting Eqgs. 2 and 3 back to a form that can be used to predict Ty, = Apf; gives, réspec-

tively,

C
+1/4 M
Tb = Abfs = fc {[63 ld(Cm + 0.5 db) + 2130Ab] (0.1 g + 0.9]
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+ 2226t t,— “} @
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in which t; = 0.98 for conventional bars and 1.50 for high relative rib area bars, and ¢; (used o

determine cq,), is defined appropriately in the two expressions.

Eq. 4 (and Eq. 2) represents, very nearly, the best-fit equation for the full data base, Eq. 1.
Therefore, 50 percent of the development/splice designs based on this expression will be weaker
than predicted by Eq. 1 — a situation that presents unacceptable safety risks. Eq. 5 (and Eq. 3) is,
in general, more conservative than Eq. 4, but will provide the same value of 14 as Eq. 4 when ¢y, =

Cb = CSO'



The level of safety can be improved by reducing the usable bond force, Ty = Apfs, by
multiplying the right side of Eqs. 4 and 5 by a suitable strength reduction (¢) factor. A longer
development length is then required to provide the desired value of Ty,

This report describes the calculation of a reliability-based ¢-factor for developed and spliced
bars with relative rib areas of 0.0727 and 0.1275 (for conventional and high relative rib area bars,
respectively). Bars both with and without confining transverse reinforcement are considered. The
¢-factor is used in conjunction with Egs. 4 and 5 to formulate design expressions for 14 that are
similar in format to Egs. 2 and 3. The overall approach is described first, followed by the details
of the calculation. As will be demonstrated, a major advantage of the final expressions 1s that they

provide identical values for development and splice length.

CALCULATION OF STRENGTH REDUCTION FACTORS

Overall Approach

The capacity reduction factor, ¢y, must be selected to insure an acceptably low probability
of bond failure. Considering the brittle nature of bond failures, that probability should be lower
than the probability of failure under a main load-carrying mechanism, such as bending or combined
bending and compression. This can be achieved by using the concepts of structural reliability.

Limiting consideration to “statically” applied load for the purpose of this analysis (i.e., not
seismic or shock loading), it is recognized that the bar force, A pf;, that appears on the left side of
Egs. 4 and 5 has already been increased by a factor of 1/¢, in which ¢ = strength reduction factor
for the main loading, before development/splice design is undertaken. So as not to double-count
¢-factors, the resistance to which ¢y, is applied corresponds to ¢Af; (equivalent to the factored

load). That is,

®Apfs = ¢y [Right side of Eq. 4 or 5] (6



Therefore, the effective ¢-factor for use in calculating development/splice length becomes ¢g =

¢/, although the overall ¢-factor against bond failure remains ¢,
Apfs 2 ¢4 [Right side of Eq. 4 or 5] (7

Determining the value of ¢y, (and ultimately ¢§g) requires the selection of the desired level of
reliability, which can be represented by the reliability index, P (Ellingwood, Galambos, Mac-
Gregor, and Cornell 1980). For a resistance, R, and a loading, Q, failure will not occur if R/Q 2

1. Using the formulation shown in Fig. 1 and the small-variance approximations (Ellingwood ¢t

al. 1980), TMR/Q «In(R/Q)and oy, = (Vg + V'

sents the average, ¢ = standard deviation, and V = coefficient of variation,

, in which the overbar repre-

In(R/Q) In(R/Q)
= o2 2.1/2 ®)

B::

Under typical conditions of loading, § = 3.0 for reinforced concrete beams and columns
(Ellingwood et al. 1980). A higher value of [ is needed to insure that the probability of a bond
failure is lower than the probability of a failure in bending for beams or in combined bending and
compression for columns. Therefore, B = 3.5 is used in the calculation of development/splice
length, producing a probability of failure equal to approximately one-fifth of that obtained with B =
3.0.

Eq. 8 can be used to calculate ¢y, but to do so requires knowledge of R and Q, both of
which are random variables. This knowledge can be obtained through the application of Monte
Carlo analysis, used in conjunction with data obtained from field measurements and test results.
The derivation that follows parallels techniques used by Ellingwood et al. (1980), Mirza and
MacGregor (1986), and Lundberg (1993):

R = random variable for resistance, which is represented as



R=X()R, ®

in which X(1) = test-to-predicted load capacity random variable
R, = predicted capacity random variable, dependent on material and geometric

properties of member, which are also random variables

Q = Z loads (10)
For dead load and live load,
Q=Q+Q (n
Qp QL
_ (12)
Q [ o ) Qu,

in which Qp and Qy, = random variables representing dead and live load effects

Qpn = nominal dead load

W

P =X (13
a (2

Q 9 {&] (14)
% T O,

in which Qr, = nominal live load

X(2), X(3) = actual-to-nominal dead and live load random variables

Q

U

= nominal ratio of live load to dead load

n



In design,
¢cRn =YpQDn + Y1.QLa (15)

inwhich ¢; = “composite” strength reduction factor (for this derivation, ¢ = ¢,)
R, = nominal resistance
Yo, YL = load factors for dead and live loads
Factoring out Qpy, on the right side of Eq. 15 and setting Qr/Qpn = (QL/QD)n gives

Q .
R = + oy |z (16)
¢c n QDn{YD YL{QDL]
Solving Eq. 16 for Qp, gives

o.R, (17)

Q.
’YD + ?L ("6;]

Q]:}nm

The total load, Q, is obtained by substituting Eqs. 13, 14, and 17 into Eq. 12.

{X(z) + X(3) {%’1 o.R, (18
YD + YL —Q—;
Letting
Q
X©2) + X3) Q
q= :

81«_) (19)



Q=0¢.qR, Q0
X(OHR
Defining r = = L 2la)
R, R,
R =X(1)Ry=r Ry (21b)
From Egq. 8§,

In(R/Q InCR_/9_qR)) In(r/¢.q)

B = - -
Tinr/Q Gm(arwch,,) cln(r@cq)
In(t/¢.q) In(7/¢,q) 22)
=2 2172 g2 2 \1/2
Ve +V.) vV + V)
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- (X(l) Rp (23)
Rn
T r
Q.
X2+ X3 *“Q-—
_ D/ (25)




QL 21172
X03) [m—} ' }
Q
Vo= 58 o %= Dy (26)

Q
X2y + X(3) (-6—]
D /n

¢, is calculated using Eq. 22. Starting with B = [In (1/¢_q )}/ (V> + v;)“z,

(V2 +V2 )1/2f3=1n r_ 2N
B 9. q
V2,2 4172 -
e(r+ =’ ] _ 1'_ 28)
9.4
e — (V2 L2 2
o= Lo W 29
° q

Random Variables

The mean values, r and g , and the coefficients of variation, V; and V 4q» are needed to
calculate ¢ using Eq. 29. The values associated with the resistance random variable r, T and Vo
are obtained first, followed by the values associated with the load random variable q,E and V¢q.

Resistance Random Variable-Resistance random variable r is obtained using Eq. 21a.

;‘ X(;) Rp 212)

n n

Test-to-predicted load random variable, X(1). The test-to-predicted load random variable,

X(1), 1s based on a comparison of test results with Eq. 1. X(1) is treated as a normal random
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variable with a mean equal to the mean test/prediction ratio. X(1) = 1.00 and 1.01 for members
without and with confining transverse reinforcement, respectively (Darwin et al. 1995b). The

coefficient of variation V(i) is equal to the coefficient of variation associated with the predictive
equation (or model) itself, V,, as separate from uncertainties in the measured loads and differences
in the actual material and geometric properties of the specimens from values used to calculate the
predicted strength, represented by V5. The total coefficient of variation in the test/prediction ratio,
Vip, is equal to (V2 + V52)122 (Grant, Mirza, and MacGregor 1978). Therefore, Vi, = (Vp2 —
Vis2)172,

For reinforced concrete, Vs = 0.07 (Grant et al. 1978). For beams without confining
reinforcement, Vi, = (Vyyp2 — V)12 = (0.1072 - 0.072)172 = 0.081. For beams with confining
reinforcement, additional uncertainty occurs because the relative rib area, Ry, is not known for 34
of the beams used to establish Eq. 1. This is handled with V, = 0.02, giving Vin = (V2 — V2
- V?{,)Uﬁ = (0.1252 - 0.072 - 0.022)1/2 = 0.102.

Predicted Capacity Random Variable, R ,. The individual values of the predicted capacity
random variable, Rp, are obtained for hypothetical beams using the Monte Carlo method. The
random variables used to calculate Ry, are the concrete strength, f'; (adjusted for the rate of load-
ing), the development/splice length, 14 the member width, b, the cover, ¢y, the side cover, ¢so, and

the relative rib area of the developed/spliced bar, R,. The predicted capacity, Ry, is calculated by

solving Eq. 1 for Aufs.

c
"1/4 M
Rp = Abf5 = fc {[63 1d(cm + 0.5 db) + ZISOAb] [0.1 _Cm + 0.9}

(30)

NA::
+ 2226tt, — + 66
rd il

Individual values of R are calculated by substituting values for each of the variables that

are determined based on the nominal value and statistical properties of that variable. Beams with
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spliced bars are used as the physical model in this study.

Concrete strength, . [X(4)]. The random variable for concrete strength, X(4), must take
into consideration the strength and variability of concrete, as used in practice, and the effect of the
actual Joad rate in the structure, as opposed to the load rate used in standard tests (Mirza,
Hatzinikolas, and MacGregor 1979). The latter point is considered first.

A relation proposed by Jones and Richart (1936) is used to take into account the fact that,
under practical conditions, loading rates will be different than the average value of 35 psi/fsec (0.24

MPa/sec) used in a standard compression test (ASTM C 39),
f'cf = {).89 f;35(1 + 0.081log D) (31)

in which 0.1 psi/sec < f < 10,000 psi/sec
f 'cf = compressive strength of concrete at stress rate
f::s 5= compressive strength of concrete at f = 35 psi/sec (0.24 MPa/sec)
It is assumed that, in practice, the load rate will be such that failure will occur in one hour,

resulting in a lower effective compressive strength than would be obtained in a standard test. The

stress rate, T, corresponding to compressive failure in one hour is

*

£t (32)

F= 3500

The values of f and f;f are obtained by iteration using Egs. 31 and 32.

The selection of the value of f'c 35° which should be representative of concrete strength in
the field, is affected by two considerations: 1) Splice tests are calibrated against the compressive
strength of standard cylinders that are cured in the same manner as the splice test specimens, not on

the actual strength of the concrete in the splice specimens. The closest thing in concrete construc-
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tion is the use of field-cured specimens. 2} In practice, concrete must be proportioned to produce a

higher strength than used to design the structure to insure that the strength of most of the concrete

will exceed the specified value of f.

The two consideratons have opposite effects on the value of f;as used in the analysis,
since field-cured cylinders usually produce a Iower strength than standard laboratory-cured speci-
mens (the basis upon which " is measured), while the average strength of concrete produced in
the field, as measured using standard specimens, exceeds f'¢ by a considerable amount. These
opposing effects largely cancel each other out. Therefore, the specified value of f'¢ is used as the

mean value of the concrete strength for use in determining Ry,

flas =1, G3)

f’c in Eq. 30 is replaced by the normally distributed random variable X(4) with a mean
value X(4) = f;f [Eqgs. 31 and 32]. For f’; = 4000 psi (28 MPa), X(d) = f;.f = 3559 psi (24.54
MPa). The standard deviation oy = V. f;f is based on 1) an assumed standard deviation for
standard laboratory cylinders, Gcey = 550 psi (3.8 MPa), representative of good job-site quality
control, and 2) an assumed variability for in-place concrete, expressed as Vo = (Veeyi2 + 0.0
084)1/2 (Mirza et al. 1979), in which Veeyl = Geeyf,, and f,_ = required average compressive
strength of concrete = £'; + 2.33 Gy — 500 psi (Eq. 5-2 of ACI 318-89). For ' = 4000 psi (28
MPa), V.= 0.147 and ox4) = 523 psi (3.6 MPa).

Geometric Properties. The balance of the random variables used to calculate Ry, are the
geometric properties of the structural member and the reinforcement. The tolerances in ACI 117-
90 are used as the basis for establishing the variability of the geometric properties of concrete
sections. All geometric properties are represented using normal distributions.

The splice length, 14, is represented by the random variable X(5), with a mean equal to the
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specified value of 1. The tolerance for the embedded length of bars and the length of bar laps in
ACI 117-90 is — 1 in. (25 mm) for No. 3 through No. 11 (9.5 through 36 mm) bars. It is as-
sumed that 95 percent of all bars will meet this criterion. For the normal distribution X(5), this
means that 1.645 ox¢sy = 1 in. (25 mm), or ox(s) = 0.61 in. (16 mm). [The values of oxg) are
shown rounded to two significant figures. No rounding, however, is used in the calculation of ¢.]

Concrete cover, ¢y, is represented by random variable X(6), with a mean equal to the
specified cover. The tolerance on cover in ACI 117-90 is — 3/ in. (9.5 mm) for members less than
or equal to 12 in. (305 mm) in size and — 1/ in. (13 mm) for members greater than 12 in. (305
mm) in size. Again, assuming that 95 percent of all members will meet these criteria, 1.645 Ox(s)
= (.375 in. (9.5 mm), or Ox) = 0.23 in. (6 mm) for members < 12 in. (305 mm) in size, and
1.645 oxs) = 0.5 in. (13 mm), or Oxs) = 0.30 in. (8 mm) for members > 12 in. (305 mm) in size.

Side cover, ¢y, is represented by random variable X(7), with a mean equal to the specified
value of cg. In this case, the tolerances on placement of reinforcement in ACI 117-90 are *3/3 in.
(9.5 mm) for members between 4 and 12 in. (102 and 305 mm) in size and £ 1/; in. (13 mm) for
members greater than 12 in. (305 mm) in size. Since ¢y, is bounded on two sides, if 95 percent of
all bar placements meet these criteria, the tolerances are equal to 1.96 ox(7). Using procedures
similar to those used for ¢, and ly, ox(7) = 0.19 in. for members between 4 and 12 in. (102 and
305 mm) in size and ox(7) = 0.26 in. (7 mm) for members > 12 in. (305 mm) in size.

One-half of the clear spacing between bars, ¢y, 18 calculated as

. - b—2nbdb~--24:s

. 0 4
2 2(n, -1 G4

in which n, = number of bars. In this expression, in addition to c,, beam width, b, is a random
variable, represented by X(8).

The tolerances on cross-sectional dimensions in ACI 117-90 are + 3/g in. and — 1/4 in.



14

(+9.5 mm and ~6.5 mm) for members with dimensions of 12 in. (305 mm) or less and + 1/; in.
and — 3/3 in. (+ 13 mm and ~ 9.5 mm) for members with dimensions greater than 12 in. (305 mm),
but less than 3 ft (914 mm). ACI 117-90 also provides criteria for members over 3 ft (914 mmj) in
dimension, but these are not used in the current Monte Carlo analysis. The mean value of beam
width, X(8) , is taken as the nominal beam width plus the average of the tolerances = b + 0.0625
in. (1.6 mm) for members in both size categories. The standard deviations are selected such that
95 percent of all members have dimensions between the tolerances, giving ox) = 0.16 in. (4 mm)
for members with b < 12 in. (305 mm) and oxg) = 0.22 in. (6 mm) for members 12 <b <36 in.
(305 <b =914 mm).

The term representing the effect of relative rib area on the effectiveness of transverse
reinforcement on bond strength, t, = 9.6 R, + (.28, depends on the random variable representing
Ry =X(9). uﬁ“r = X(9) =0.0727 for conventional reinforcement and 0.1275 for high relative rib
area reinforcement. Conservatively, the standard deviations are ox(g) = 0.0090 for conventional
reinforcement and 0.0045 for high relative rib area reinforcement (Darwin et al. 1995b).

In Eqgs. 4 and 5, the number of stirrups crossing the splice, N, (Eqgs. 1 and 30) has been
replaced by ly/s. N, of course, must have an integer value, although 14/ is the value used in Egs. 2
and 3 to calculate development and splice length. As an example, if Ly/s = 3.6, the development/
splice length would be crossed by four stirrups 60 percent of the time and three stirrups 40 percent
of the tirne, for an average of 3.6 stirrups. Thus, the average strength can be based on 3.6 stir-
rups. However, using 3.6 stirrups does not account for the variability in strength that occurs
because some splices are crossed by 3 stirrups, while others are crossed by 4. This variability is
accounted for in the Monte Carlo simulation by applying the appropriate weights to the calculated
strengths for the two integer values for the number of stirrups. This results in a lower ¢-factor
than if N = 14/s were used to calculate R,

Nominal Strength, R,. The nominal strength, Ry, is calculated using Eq. 4 or Eq. 5 with
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the specified concrete strength, f'c, and the nominal dimensions of the member.

Monte Carlo Simulation. The values of r and V, (Eq. 24) are obtained using Monte Carlo
simulations of a selected number of beams. For each beam and simulation, values are selected for
normally distributed random variables X(1) and X(4) — X(9). To do this for each variable, a
random number between 0 and 1 is used with the cumulative distribution function to calculate the
standard normal random variable, z { — ee <z < e0). For variable i, X(i)= X (i} + 20x¢). The
values of X(i) are used to calculate r (Eq. 21a) for the simulation. The results of multiple simula-
tions are combined to obtain T and V.

Loading Random Variable~The term q, givcﬁ in Eq. 19, depends on random variables
X{(2) and X(3), representing the actual-to-nominal ratios for dead and live load, respectively; load
factors for dead and live load, Yp and ¥;; and the nominal live load-to-dead load ratio, (QL/Qp)a.
vp and ¥, are selected based on the load factors used in design, 1.4 and 1.7 for ACI 318-89, ACI
318-95, and AASHTO Highway (1992), and 1.2 and 1.6 for ASCE 7-93. Values of (Q1/Qp), of
0.5, 1.0, and 1.5 are normally selected for evaluating the reliability of reinforced concrete struc-
tures, with a nominal live load-to-dead load ratio of 1.0 serving as the standard for calculating ¢-
factors or determining the reliability index, B.

For reinforced concrete structures, X(2) = “(3 o’ QDn = 1.03 and VQD = 0.093
(Ellingwood et al. 1980). X (3) = QL/Qu, depends on the tributary area, A, and the influence
area, Ay (Ellingwood et al. 1980). For At =400 12 (37 m?) and Ay = 800 {12 (74 m2) (representa-
tive values for a reinforced concrete flexural member),

— 15
Q, =L (0.25 + _) = 0.780 L @35
L o /AI 0

Q
QL =1L, {1~Hﬁn [0,0008 (A - 150), 0.6, 0.23 {1 + [“QE) )
L

} =08L, (6
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in which L, = basic (unreduced) live load and areas are in fi2,
Thus, X(3) = Q/Qpn = 0.975. VQL =0.25 (Ellingwood et al. 1980).

STRENGTH REDUCTION FACTORS

Strength reduction (¢) factors are calculated for Egs. 4 and 5 using 1) nominal live load-to-
dead load ratios of 0.5, 1.0, and 1.5; 2) two combinations of dead and live load factors — a) 1.4
and 1.7 (with ¢ for bending = 0.9), and b) 1.2 and 1.6 (with ¢ for bending = 0.8); 3} bars with
relative rib areas of 0.0727 and 0.1275; and 4) members with and without confining transverse
reinforcement.

The evaluations are based on splice lengths obtained from the respective equations calculat-
ed with a provisional value of ¢g = 0.9. [Note: The calculated ¢-factors are independent of the
provisional value of ¢4.] Thirty-five beams in which the bars are not confined by transverse
reinforcement and 140 bears (in four groups of 35 each) in which the bars are confined by trans-
verse reinforcement are used in the calculations. The beams have widths of §, 12, 18, or 24 in.
(203, 305, 457, and 610 mm) and depths of 12 or 24 in. (305 and 610 mm). Concrete strengths
of 3000, 4000, and 6000 psi (21, 28, and 41 MPa) are evaluated, and 2, 4, 6, or 8 bars are spliced
at the same location. No. 6, No. 8, No. 10, and No. 11 (19, 25, 32, and 36 mm) bars are used.
For bars with confining transverse reinforcement, No. 3 and No. 4 (9.5 and 12.5 mm) bar stirrups
are spaced at values ranging from 4 to 10.8 in. (102 to 275 mm). A summary of the beams used
for the analysis is presented in Appendix A.

For each of the 35 beams without transverse reinforcement, 1000 Monte Carlo simulations
are carried out in which the predicted strengths are calculated using Eq. 30 and the material and
geometric random variables described in this report. For each of the 140 beams with transverse

reinforcement, 250 simulations are carried out. The programs used for the Monte Carlo simula-
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tions are presented in Appendix B. The individual predicted strengths are used to calculate T (Eq.
23) and V; (Eq. 24). The selected load factors and live load-to-dead load ratios are used to calcu-
late E (Eq. 25) and V¢q (Eq. 26). The results are combined with B = 3.5 to calculate ¢ = ¢y (Eq.
29). The value of ¢g = §o/$ is then obtained.

The results of the Monte Carlo simulations are presented in Table 1.

Load factors 1.4 and 1.7-For Eq. 4, which is based on Eq. 2 (the more accurate of
the two design equations), ¢4 equals 0.94, 0.91, and 0.88 for bars without confining transverse
reinforcement at live load-to-dead load ratios of 0.5, 1.0, and 1.5, respectively; and 0.93, 0.90,
and 0.88 (R, = 0.0727) and 0.92, 0.89, and 0.87 (R, = 0.1275) for bars with confining transverse
reinforcement at the same live load-to-dead load ratios.

For Eq. 5, which is based on Eq. 3 (the more simplified of the two expressions), ¢4 equals
0.89, 0.87, and 0.85 for bars without confining transverse reinforcement at live load-to-dead load
ratios of 0.5, 1.0, and 1.5, respectively; and 0.99, 0.97, and 0.95 (R, = 0.0727) and 0.97, 0.95,
and 0.93 (R, = 0.1275) for bars with confining transverse reinforcement at the same live load-to-
dead load ratios.

Load factors 1.2 and 1.6-For load factors of 1.2 and 1.6, the values of ¢4 increase
slightly compared to those obtained for load factors of 1.4 and 1.7. Using Eq. 4 and a live load-
to-dead load ratio of 1.0, ¢4 equals 0.93 for bars without transverse reinforcement and 0.92 (R, =
0.0727) and 0.91 (R, = 0.1275) for bars with transverse reinforcement. Using Eqg. 5, the respec-
tive values are (.89, 0.99, and 0.97.

$a = 0.9 appears to be generally conservative and satisfactory for application with Egs. 4
and 5 for both sets of load factors. The lower values of ¢4 for bars without confining reinforce-
ment obtained for Eq. 5 compared to Eq. 4 pose no safety problems, since l4 obtained with Eq. 5
is never shorter than 14 obtained with Eq. 4. The lower values of ¢4 calculated for Eq. 5 are due to
the greater scatter (higher V) obtained with Eq. 5, as shown in Table 1.

Table 1 demonstrates that an increase in the live load-to-dead load ratio results in a reduc-
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tion in the ¢-factor. This reduction is due to the increased variability, represented by Vq,q, that

results from the greater uncertainty in the live load.

Design Expressions—For ease in application, ¢4 can be incorporated directly into the
design expressions so that its value becomes transparent to the user. Multiplying the right side of

Eqgs. 4 and 5 by ¢4 = 0.9, setting f; = f,, and solving for Ly/dy, gives, respectively,

f ¢
L 1900 |0.1 Moy 0.9)
, £, m
4 37
db {c+ Ku)
72
db
hd
1 g 14 - 1900
Egm = — K %)
C
b 72( - “}
b

The development and splice lengths obtained with Eqs. 37 and 38 are compared with those
obtained using the provisions of ACI 318-89 and ACI 318-95 for both conventional and high
relative rib area bars by Darwin et al. (1995b).

The analysis described here provides an important advantage over current design proce-
dures (ACI 318-89, ACI 318-95, AASHTO Highway 1992) in that Egs. 37 and 38 apply directly
to both development and splice lengths, since the equation calibration and ¢-factor calculations are
based on data that consists predominantly of splice tests in which all bars are spliced at the same
location; over 90 percent of the specimens used to establish Eq. 1 contain Class B (ACD/Class C
(AASHTO) splices (Darwin et al. 1995b). Thus, following the procedures described here and by
Darwin et al. (1995b) eliminates the need to multiply 14 by 1.3 (ACI) or 1.7 (AASHTO) to obtain

the length of most splices.
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SUMMARY AND CONCLUSIONS

The formulation and calculation of a reliability-based strength-reduction (¢) factor for
developed and spliced bars is described. Conventional and high relative rib area bars, both with
and without confining reinforcement, are considered. The ¢-factor is determined using statistical-
ly-based expressions for development/splice strength and Monte Carlo simulations of a range of
beams.

A strength-reduction factor of 0.9 is obtained for the design expressions for develop-
ment/splice length, based on a probability of failure in bond equal to about one-fifth of the proba-
bility of failure in bending or combined bending and compression. ¢ = 0.9 is incorporated into
two expressions for development/splice length in a manner that is transparent to the user. A major
advantage of each of the final expressions is that they provide identical values for development and

splice length, removing the need to multiply development length by 1.3 or 1.7 to obtain the length

of most splices.
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Table 1

Strength Reduction (¢) Factors for Bond

Eq.4
Y, = 1.4 v, = 1.7 (Pyntere = 0.9)
Without Stirrups With Stirrups
Average R N/A 0.0727 0.1275
3 0.955 0.989 0.980
\A 0.106 0.125 0.125
(Q/QL. 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
q 0.675 0.647 0.631 | 0.675 0.647 0.631 | 0.675 0.647 0.631
Ve 0.102 0.131 0.152 | 0.102 0.131 0.152 | 0.102 0.131 0.152
o, 0.846 0.819 0792 { 0.833 0.812 0.788 | 0.826 0.805 0.780
P, 0.940 0910 0880 ] 0926 09502 0875 0917 0.894 0.867
Y= 1.2 v, =16 (D = 0.8)
Without Stirrups With Stirrups
Average R, N/A 0.0727 0.1275
I3 0.955 0.989 0.980
\A 0.106 0.125 0.125
(Q/Qu, 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
q 0.75% 0716 0.693 | 0.759 0716 0693 | 0.759 0716 0.693
Vo, 0.102 0.131 0.152 | 0.102 0.131 0.152 | 0.102 0.131 0.152
o, 0.752 0740 0722 | 0741 0733 0.718 | 0.734 0.727 0.711
0, 0940 0925 09021 0926 0917 0897 | 0917 0908 0.889
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Table 1

Strength Reduction (¢) Factors for Bond (continued)

Eq.5
Y, =14 v, = 1.7 (Dpenine = 0.9)
Without Stirrups With Stirrups
Average R, N/A 0.0727 0.1275
T 1.046 1.136 1.101
\2 0.159 0.150 0.146
(Qy/QL, 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
q 0.675 0.647 0.631 ] 0.675 0647 0.631 { 0675 0.647 0.631
Ve 0.102 0.131 0152 { 0102  0.131 0.152 | 0.102  0.131 0.152
o, 0800 0787 0768 )] 0892 0875 08531 0.875 0.857 0.835
d, 0889 0.874 0.853 1 0,991 0973 0948 | 0972 0953 0928

Y, =12 v.=1.6 (Do = 0.8)
Without Stirrups With Stirrups
Average R N/A 0.0727 0.1275
T 1.046 1.136 1.101
V. 0.159 0.150 0.146
(Q,/Q), 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
G 0.759 0.716 0693 | 0.759 0716 0.693 | 0.759 0.716 0.693
V., 0.102 0131 0152 { 0.102 0.131 0.152 | 0.102 0.131 0.152
P, 0,711 0711 0700 0793 0791 0778 | 0.778 0.774 0.761
d, 0.889 0.8883 0.875 | 0991 0988 0572 ] 0972 0968 0.951
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Table A.1

Data for hypothetical beams used for the Monte Carlo Analyses

(a)
{without confining reinforcement)
Beam No. n ld' db b h Cyn Cei Ch f'c

(in.) (in.) (in.) (in.) (in.) (in.) (in.) (psi)

1 2 31.38 0.75 8.00 12.00 2.00 0.50 2.00 4000
2 2 18.39 0.75 12.00 12.00 2.00 2.50 2.00 4000
3 2 31.36 1.00 12.00 12.00 2.00 2.00 2.00 4000
4 2 52.55 1.27 12.00 12.00 2.00 1.46 2.00 4000
5 2 68.79 1.41 12.00 12.00 2.00 1.18 2.00 4000
6 2 18.39 0.75 24.00 12.00 2.00 8.50 2.00 4000
7 4 18.36 0.75 24.00 12.00 2.00 2.33 2.00 4000
8 6 23.76 Q.75 24.00 12.00 2.00 i.10 2.00 4000
9 8 30.36 0.75 24.00 12.00 2.60 0.57 2.00 4000
10 2 31.36 1.00 24.00 12.00 2.00 B.00 2.00 4000
11 4 31.36 1.00 24.00 12.00 2.00 2.00 2.00 4400
12 6 44,96 1.00 24.00 12.00 2.00 0.80 2.00 4000
13 2 47.84 1.27 24.00 12.00 2.00 746 2.00 4000
14 4 49.53 1.27 24.00 12.00 2.00 1.64 2.00 4000
15 2 57.24 1.41 24.00 12.00 2.00 7.18 2.00 4000
16 4 62.82 1.41 24.00 12.00 2.00 1.45 2.00 4000
17 2 20.23 0.75 12.00 24.00 2.00 2.50 2.00 3000
18 2 18.39 0.75 12.00 24.00 2.00 2.50 2.00 4000
19 2 16.01 0.75 12.00 24.00 2.00 2.50 2.00 6000
20 2 34.50 1.600 i2.00 24.00 2.00 2.00 2.00 3000
21 2 31.36 1.00 12.00 24.00 2.00 2.060 2,00 4000
22 2 27.31 1.00 12.00 24,00 2.00 2.00 2.00 6000
23 2 5784 1.27 12.00 24.00 2.00 1.46 2.00 3000
24 2 52.55 1.27 12.00 24.00 2.00 1.46 2.00 4000
25 2 45,72 1.27 12.00 24.00 2.00 1.46 2.00 6000
26 p 75.77 1.41 12.00 24.00 200 1.18 2.00 3000
27 i 68.70 1.41 12.00 24.00 200 1.18 2.00 4000
28 2 5678 1.41 12.00 24.00 2.00 1.18 2.00 6000
29 4 21.53 0.75 18.00 24.00 2.00 133 2.00 4006
30 6 31.38 0.75 18.00 24.00 2.00 0.50 2.00 4000
31 2 31.36 1.00 18.00 24.00 2.00 5.00 2.00 4000
a2 4 41.41 1.00 18.00 24.00 2.00 1.00 2.00 4000
33 2 47.84 1.27 18.00 24.00 2.00 4.46 2.00 4000
34 4 70.37 1.27 18.00 24.00 2.00 0.64 2.00 4000
35 2 57.24 1.41 18.00 24.00 2.00 4.18 2.00 4000
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Data for hypothetical beams used for the Monte Carlo Analyses (continued)

®
(with confining reinforcement)
Beam No. n la dy b h eo ¢ © fo A s
R=0.0727 R=0.1275
(in.) (in.) (in.) {in.) (in.) (in.) (in.) (in.) (psi) (inJ}) (in.)
Group !

1 2 21.01 17.84 0.75 8§.00 12,00 2.00 050 200 4000 90.110 4381
2 2 14.45 12.95 075 1200 12.00 2.00 250 2.00 4000 G110 4.81
3 2 23.76 21.02 100 1200 1200 200 200 2.00 4000 0.110 4.75
4 2 37.36 32.33 127 1200 1200 200 146 200 4000 0.110 4.68
5 2 46.57 39.68 1.41 1200 1200 200 1.18 2.00 4000 0.110 4.65
6 2 14.45 12.95 075 24.00 12.00 2.00 B850 2.00 4000 G110 4.381
7 4 16.18 15.20 075 24.00 1200 2.00 233 2.00 4000 0.055 4.81
8 6 21.22 20.07 075 2400 12.00 2.00 1.10 2.00 4000 0.037 4.81
9 8 27.15 25,69 075 24.00 12.00 200 037 200 4000 0.028 4381
10 2 23.76 21.02 1.00 2400 1200 2.00 800 2.00 4000 0.110 475
11 4 27.04 25.17 1.00 24.00 12.00 2.00 200 2.00 4000 0055 4.75
12 6 38.83 36.18 1.00 2400 1200 2.00 080 2.00 4000 0037 4.5
13 2 34,97 30.55 1.27 2400 1200 200 746 2.00 4000 0110 4.68
14 4 41.59 38.29 1.27 2400 1200 200 1.64 200 4000 0.055 468
15 2 41,13 35.72 141 2400 12.00 2.00 7.18 200 4000 0.110 4.65
16 4 51.65 47.14 141 2400 12.00 2.00 145 2.00 4000 0055 4.65
17 2 18.04 17.04 075 1200 24.00 2.00 250 2.00 3000 0.110 10.81
18 2 16.40 15.50 075 12.00 2400 200 250 200 4000 0.116 10.81
19 2 14.28 13.4¢ 075 12.00 2400 200 250 200 6000 0.110 10.81
20 2 30.22 28.34 .00 1200 2400 200 200 200 3000 0.110 1075
21 2 2748 25.76 1.00 12.00 2400 200 2.00 2.00 4000 0.110 1075
22 2 23.93 22.43 1.00 12.00 2400 2.00 2.00 2.00 6000 0.110 10.75
23 2 49.09 45.39 1.27 1200 24.00 2.00 146 2.00 3000 0.110 10.68
24 2 44.60 41.25 1.27 1200 24.00 2.00 146 2.00 4000 0.110 10.68
25 2 33.81 3580 1.27 12.00 2400 2.00 146 200 6000 0.110 10.68
26 2 62.71 57.35 141 12.00 2400 2.00 1.18 2.00 30060 0.110 10.65
27 2 56.94 52.11 141 12.00 2400 2.00 1.i18 2.00 4000 0,110 10.65
28 2 49.48 45.28 141 12.00 2400 2.00 1.18 2.00 6000 0.110 10.65
29 4 19.05 17.94 0.75 18.00 24.00 2.00 1.33 2.00 4000 0.100 10.81
30 6 27.70 26.05 075 18.00 24.00 2.00 050 2.00 4000 0.067 i0.81
31 2 24,95 22.48 .00 18.00 2400 2.00 5.00 200 4000 0.200 1075
32 4 35.29 32.69 1.00 1800 2400 2.00 1.00 2.00 4000 0.100 1075
33 2 36.99 3297 1,27 18.00 2400 200 446 2.00 4000 0200 10.68
34 4 5743 52.26 1.27 18.00 2400 2.00 0.64 2.00 4000 0.100 10.68
35 2 43.67 38.73 141 18.00 2400 2.00 4.18 2.00 4000 0.200 10.65
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Data for hypothetical beams used for the Monte Carlo Analyses (continued)

()
(with confining reinforcement)
Beam No. n lg dy, b h ¢ ¢ oo o A s
R=0.0727 R=0.1275
(in.) {in.) (in) (in.) (in) (in) (in) (in) (psi) (in.) (in.)
Group 2

i 2 17.17 14.23 0.75 850 12.00 200 075 2.00 4000 0.200 6.00
2 2 17.17 14.23 0.75 850 1200 2.00 G075 2.00 4000 0.200 6.00
3 2 25.54 21.18 1.00 1000 12.00 2.00 1.00 2.00 4000 0200 6.00
4 2 34.65 28.74 1.27 1162 1200 200 1.27 200 4000 0.200 6.00
5 2 39.37 32.66 141 1246 12.00 2.00 141 200 4000 0.200 6.00
6 2 17.17 14.23 0.75 850 12.00 200 075 2.00 4000 0200 6.00
7 4 21.25 1B.84 075 1450 12.00 200 075 200 4000 0.100 6.00
8 G 23.08 21.13 075 2050 12.00 2.00 075 2.00 4008 0.067 6.00
9 8 24,12 22.49 075 2650 1200 200 075 2.00 4000 0050 6.00
10 2 25.54 21.18 1.00  10.00 1200 200 1.00 200 4000 0.200 6.00
11 4 31.60 28.02 1.00 18.00 12.00 2.00 1.00 2.00 4000 0.i100 6.00
12 6 34.31 3141 1.60 2600 1200 2.00 100 200 4000 Q.067 6.00
13 2 34.65 28.74 1.27 1162 1200 2.00 127 2.00 4000 0200 6.00
14 4 42.84 38.01 127 21778 1200 2.00 127 2.00 4000 0.100 6.00
15 2 39.37 32.66 1.41 1246 12.00 2.00 141 2.00 4000 0.200 6.00
16 4 48.67 43.18 141 2374 1200 2.00 141 200 4000 0.100 6.00
17 2 18.95 15.70 0.75 850 2400 2.00 075 2.00 3000 0.200 6.00
18 2 17.17 14.23 0.75 B.50 2400 2.00 075 200 4000 0200 6.00
19 2 14.87 12.32 0.75 850 24.00 200 075 200 6000 0200 6.00
20 2 28.15 2334 1.00 10.00 2400 2.00 100 200 3000 0200 6.00
21 2 25.54 21.18 1.00 10.00 2400 2.00 1.00 2.00 4000 0.200 6.00
22 2 22.17 18.39 1.00 10.00 24.00 200 100 2.00 6000 0.200 6.00
23 2 38.15 31.64 1.27  11.62 24.00 2.00 1.27 2.00 3000 0.200 6.00
24 2 34.65 28.74 1.27 1162 2400 2.00 127 200 4000 0200 6.00
25 2 30,12 24.98 1.27 1162 2400 200 127 200 6000 0.200 6.00
26 2 43,33 3595 141 1246 2400 200 141 2.00 3000 0.200 6.00
27 2 39.37 32.66 1.41 1246 2400 2.00 141 2.00 4000 0.200 6.00
28 2 34.25 28.41 1.41 1246 2400 200 141 200 6000 0200 6.00
29 4 21.25 18.34 075 1450 2400 200 075 2.00 4000 0.100 6.00
30 6 23.08 21.13 075 2050 2400 2.00 095 200 4000 0.067 6.00
31 2 25.54 21.18 1.00 10.00 2400 2.00 1.00 200 4000 0.200 6.00
32 4 31.60 28.02 1.00 18.00 2400 200 160 200 4000 0.100 6.00
33 2 34.65 28.74 1.27 11.62 2400 260 1.27 200 4000 0200 6.00
34 4 42.84 38.01 1.27 2178 2400 200 127 2.00 4000 0.100 6.00
35 2 3937 32.66 1.41 1246 24.00 200 14! 200 4000 0200 6.00
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Data for hypothetical beams used for the Monte Carlo Analyses (continued)

(b)
{with confining reinforcement)
BeamNo. n la dy, b h e ¢ o fo A, s
R=0.0727 R=0.1275
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (psi) (inY) (in)
Group 3

1 2 20.38 17.15 075 800 12.00 2.00 050 2.00 4000 0200 B8.00
2 2 20.38 17.15 0.75 8.00 12.00 200 050 2.00 4000 0200 8.00
3 2 31.85 26.54 1.0 9,00 1200 2.00 050 200 4000 0200 8.00
4 2 4398 36.58 1.27 1035 1200 2.00 064 2.00 4000 0.200 3.00
5 2 50.35 41.84 141 1105 12.00 2.00 071 200 4000 0.200 38.00
6 2 20.38 17.15 0.75 8.00 12.00 200 050 200 4000 0200 B8.0C
7 4 24.71 22.18 075 13600 12.00 2.00 050 2.00 4000 0.100 38.00
8 6 26.60 24.58 075 18.00 1200 200 050 2.00 4000 0.067 8.00
9 8 27.65 25.99 075 2300 1200 2.00 050 200 4000 0.050 B.00
10 2 31.85 26.54 1.00 9.00 12.00 2,00 050 2.00 4000 0200 8.00
11 4 39.13 34.84 1.00 1500 12.00 2.00 050 2.00 4000 0.100 B.00
12 6 42.35 38.90 .00 21.00 12.00 2.00 050 2.00 4000 0.067 8.00
13 2 43,98 36.58 1.27 1035 12.00 2.00 0.64 200 4000 0200 B8.00
14 4 54.16 48.16 1.27 1797 12.00 200 064 2.00 4000 0.100 B8.00
15 2 50.35 41.84 141 11405 1200 200 071 200 4000 0200 8.00
16 4 62.08 55.17 141 1951 1200 200 071 200 4000 0.100 8.00
17 2 22.54 18.97 0.75 8.00 2400 2.00 050 2.00 3000 0200 B8.00
18 2 20.38 17.15 0.75 8.00 24.00 2.00 050 2.00 4000 0200 B8.00
19 2 17.59 14.80 Q.75 800 2400 2.00 0350 2.00 6000 0200 800
20 2 35.22 29.35 1.00 9.00 24.00 2.06 050 2.00 3000 0200 8.00
21 2 31.85 26.54 1.00 9.00 24.00 2.00 050 2.00 4000 0.200 8.00
22 2 27.48 22.90 1.00 900 2400 200 030 2.00 6000 0200 800
23 2 48.57 4040 1.27 1035 24.60 200 0.64 200 3000 0200 3.00
24 2 4398 36.58 1.27 1035 24.00 2.00 0.64 200 4000 0200 35.00
25 2 38.04 31.64 127 1035 24.00 2.00 0.64 2.00 6000 0.200 8.00
26 2 55.58 46.19 141 11.05 2400 200 071 200 3000 0200 8.00
27 2 50.35 41.84 141 11.05 24.00 200 071 2.00 4000 0.200 B8.00
28 2 43.59 36.23 141 11.05 2400 200 071 200 6000 0200 B8.00
29 4 2411 22.18 075 13.00 24.00 200 050 200 4000 0.100 8.00
30 6 26.60 24.58 075 1800 24.00 200 050 2.00 4000 0.067 B8.00
31 2 31.85 26.54 1.00 9.00 24.00 2.00 050 2.00 4000 0.200 B8.00
32 4 39.13 34.84 1.00 1500 24.00 2.00 0.50 2.00 4000 0.100 8.00
33 2 4398 36.58 1.27 1035 24.00 2.00 0.64 2.00 4000 0.200 8.00
34 4 54.16 48.16 127 1797 24.00 2.00 064 2.00 4000 0.160 &.00
35 2 50.35 41.84 141 1105 2400 2.00 071 2.00 4000 0200 8.00
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Data for hypothetical beams used for the Monte Carlo Analyses {continued)

)]
(with confining reinforcement)
Beam No. n la dy, b h ¢ ¢, o fo A, s
R =0.0727 R=0.1275
(in.) (in.) (in.) (in.) (in) (in.) (in) (@in.) (psi) (in.>) (in.)
Group 4

1 2 15.09 11.80 0.75 8.00 12.00 2.00 050 200 4000 0200 4.00
2 2 15.08 11.80 0.75 8.00 12.00 2.00 050 2.00 4000 0200 4.00
3 2 23.21 17.97 .00 9.00 1200 2.00 050 2.00 4000 0200 400
4 2 31.96 2470 127 1035 12.00 2.00 064 200 4000 0200 4.00
5 2 36,54 2822 141 1105 1200 200 071 2.00 4000 0200 4.00
6 2 15.09 11.80 0.75 8.00 12.00 2.00 050 200 4000 0.200 4.00
7 4 20,38 17.15 075 13.00 12.00 2.00 050 200 4000 0.100 400
8 6 23.08 20.20 075 18.00 12.00 2.00 050 2.00 4000 0067 4.00
9 8 24.71 22,18 075 23.00 12.00 2.00 050 2,00 4000 0050 4.00
10 2 23.21 17.97 1.00 9.00 1200 200 050 2.00 4000 0200 4.00
1t 4 31.85 26.34 1.00 15.00 1200 2.00 050 200 4000 0.100 4.00
12 6 36.36 31.55 1.00 21.00 1200 2.00 050 2.00 4000 0.067 4.00
13 2 31.96 2470 127 1035 1200 2.00 0.64 2.00 4000 0200 4.00
i4 4 43.98 36.58 127 17.97 1200 200 064 200 4000 0.100 4.00
15 2 36.54 28.22 141 11.05 1200 2.00 071 200 4000 0200 4.00
16 4 50.35 41.84 141 1951 1200 200 071 2.00 4000 0.100 4.00
17 2 16.69 13.05 0.75 8.00 24.60 2.00 050 2.00 3000 0.200 4.00
18 2 15.09 11.80 0.75 3.00 24.00 2.00 0.50 2.00 4000 0.200 4.00
19 2 13.03 10.18 0.75 8.00 2400 200 0350 2.00 6000 0200 4.00
20 2 25.67 19.88 i.06 900 2400 200 0.50 2.00 3000 0.200 4.00
21 2 2321 17.97 1.00 900 2400 200 050 2.00 4000 0.200 4.00
22 2 20.03 15.51 1.06 900 2400 200 050 2.00 6000 0.200 4.00
23 2 3530 27.28 1.27 1035 2400 200 064 2.00 3000 0200 4.00
24 2 31.96 24.70 1.27 1835 2400 2.00 064 200 4000 0.200 4.00
25 2 27.64 21.36 1.27 1035 2400 200 0.64 200 6000 0200 4.00
26 2 40.34 3114 141 11,05 2400 2.00 071 2.00 3000 0200 400
27 2 36.54 28.22 141 1105 2400 2.00 071 200 4000 0200 4.00
28 2 31.64 24.43 141 1105 2400 200 071 200 6000 0.200 4.00
29 4 20.38 17.15 075 13.00 2400 260 050 2.00 4000 0.100 400
30 6 23.08 20.20 075 18.00 2400 2.00 0.50 2.00 4000 0.067 4.00
31 2 23.21 17.97 1.00 900 2400 2.00 0.50 2.00 4000 0.200 4.00
32 4 31.85 26.54 1.00  15.00 2400 2.00 050 2.00 4000 0.100 4.00
33 2 31.96 24.70 127 1035 24.00 2.00 064 200 4000 0200 4.00
34 4 43.98 36.58 127  17.97 2400 2.00 064 2.00 4000 0.100 4.00
35 2 36.54 28.22 141 11.05 2400 2.00 071 2.00 4000 06200 4.00

Predicted development/splice lengths based on Eq. 2, using ¢4 = 0.9 and f, = 60 ksi
1in. =25.4 mm; 1 psi = 6.89 kPa; 1 ksi = 6.89 MPa
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Appendix B
Programs Used For Monte Carlo Simulations
(a)

Program Bms;
{MONTE CARLQO SIMULATION FOR BEAMS WITHOUT STIRRUPS}

Uses Crt, Dos:
{DECLARATION OF GL.OBAL CONSTANTS FOR THE PROGRAM)

Const
left = 0.0; tol = 1.0e-6;

{DECLARATION OF GLOBAL VARIABLES FOR THE PROGRAM}

Var
a, b, z, pz, Ls, Cb, Csi, fc, Db, Ab, Cmin, Cmax, fcm, Cbm, Cim, Lsim,
Elm, E2m, R1, R2, h, tcl, t¢2, Rel, Re2, ab, al, a2, a3, a4, sd1, s,
sd2, 121, 122, Ve, mrl, mr2, msl, ms2, mvl, mv2, 52, 53,
resuit, errest, Cso, W, Cs, 54, el, €2, CMm, fcR, Cmind : Real;
Nb, Ns, err : Byte;
n, 1 ; Integer;
k1.1, ], k, m, m0, hr, mn, sec, sec100, hrl, mnl, secl, sec1001 : Word;
fname : String[20];
st : String;
fin, fout, f1: Text;

{FUNCTION EVALUATES THE EXPRESSION e”-(0.5%z"2)}

Function F(z : Real) : Real;
Begin

Fi= exp(-z*2/2.0});
End;

{FUNCTION EVALUATES THE EXPRESSION FOR SIMPSON'S RULE)

Function Simpson(a,b.h : Real) : Real;
Var mid : Real;
begin
mid = {b+a)/2.0;
Simpson = W6.0*(F(a)+4.0¥F(mid)+F(b));
end;

{NUMERICAL METHOD TO DETERMINE THE CURRENT IMPROVED STANDARD}
{NORMAL VALUE, z{i+1], FROM A PREVIOUS VALUE OF zfi] DURING EACH CYCLE}
{ OF THE ITERATIVE PROCESS}

Procedure Adap_Quad(left,z,tol:Real; var result:Real; var errest:Real);
Var h, 11, 12, mid, resultl, result2, errestl, errest2 : Real;
Begin
m = m+l;
if mO > 100 then
begin
window({20,23,50,24);
writeln(pz: 6:4,m0:9,m:9);
end;
h = z-left;
i1 := Simpson(left,z,h};
h = h/2.0;
mid := (left+2)/2.0;



31

12 = Simpson(left,mid,h}+Simpson{mid,z,h);
errest = abs{(12-I11)/15.0);
if abs(errest) > tol then
begin
Adap_Quad(left,mid,tol/2 resultl errestl);
Adap_Quad{mid,z tol/2,result2 errest2);
result := resultl+result?;
errest = errest]+errest2;
end
else
result ;= I2-errest;
End;

{ITERATIVE PROCESS TO OBTAIN THE STANDARD NORMAL VALUE, z, FOR ANY}
{RANDOMLY GENERATED CUMULATIVE PROBABILITY, pz, USING THE}
{PROCEDURE Adap_Quad AS OFTEN AS IT IS REQUIRED}

Procedure Getz;
Begin
pz = Random;
a:=00; z:=2.0; b:=4.0; m0:=0;
Repeat
m0 ;= m0+1; m:=Q;
Adap_quad(left,z,tol,result,errest);
result := 0.54result/sqrt(2.0*pi);
if pz < 0.50 then
begin
result ;= 1.0-result;
ifresult <pzthenb:=zelsea:=z
end
else
begin
ifresult <pzthena:=zelseb:=gz
end;
z = (.5%(a+b);
if m0 > 500 then Exit;
Until abs(pz-result) < tol;
End;

{FUNCTION DETERMINES THE MINIMUM OF TWO VARIABLES}
Function Min{a,b :Real) : Real;

begin
ifa<bthenMin:=a
else Min :=b;

end;

{FUNCTION DETERMINES THE MAXIMUM OF TWO VARIABLES}
Function Max(a,b :Real) : Real;

begin
ifa>bthen Max :=a
else Max := b;

end;

{FUNCTION DETERMINES PREDICTED BOND FORCE}

Function Eqni : Real;

Var Eq : Real;

Begin
Eq = (63.0*Ls*(Crmuin+0.5*Db)+2130.0* Ab)*(0. 10*CMm+0.90);
Eqnl := Sqrt(Sqre(fc))*Eq;

End;

{FUNCTION DETERMINES NOMINAL BOND FORCE}
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Function Eqn2 : Real;

Var Eq : Real;

Begin
Eq := {63.0*Ls*(Cmind+0.5*Db)+2130.0*Ab);
Eqn2 := Sqrt(Sqrt(fc))y*Eqg;

End;

{FUNCTION DETERMINES THE APPROPRIATE VALUES FOR SOME PARAMETERS)
[AND FUNCTIONS USED IN THE DETERMINATION OF BOND FORCE}

Function Eqn{n : Byte) : Real;
Begin
Csi = (0.5*W-Nb*Db-Cs0)/(Nb-1.0);
Cs = Min(Cso0,Csi+0.25);
Cmin = Min{Cs,Cb);
Cmind :=min(min{Cso,Csi),Ch);
Cmax = Max(Cs,Ch);
CMnm ;= Cmax/Cmin,
if CMm > 3.5 then CMm := 3.5;
if n = 1 then Eqn := Eqnl
else Eqn ;= Eqn2,;
End;

{PROCEDURE FOR READING, FROM THE DATA FILE, AND DISPLAYING, ON THE}
{SCREEN, THE NOMINAL VALUES FOR EACH BEAM}

Procedure InputData;

Begin
readin{fin,W,h,fc,Cb,Cso0,Ls,Nb,Db,Ab);
no= ]+
writeln(' CURRENT INPUT DATA FROM FILE 'fname+ . DATY);
writeln(’ Y
writeln( Data for beam number ............ ,1:5);
writeln(’ Beamn width (Ins.) ..vveecnnnn TWiS2Y,
writeln(’ Beam depth (ins.) ..coecevenenne Lhis:2);
writeln(' Concrete strength (psi) ......... *fe:d:0);
writeln(' Concrete cover (ins.) ... ',Cb:5:3);
writeln(’ Concrete side cover {ins.) ...... " Cs0:5:3);
writeln{’ Splice length (ins.) ..c.ccoene "Ls:5:2);
writeln(’ Number of bars spllced . SNBIZY;
writeln(’ Spliced bar diameter (ins. ) . Db:5:3);
writeln(' Spliced bar area (sq. ins.) ..... ! Ab 4:2y;
End;

{PROCEDURE FOR WRITING THE NOTATION AND HEADING INFORMATION FOR }
{EACH BEAM INTO THE OUTPUT FILE FOR THE BEAM}

Procedure QutData;

Begin
writeln(fout,! RESULTS OQUTPUT FOR BEAMS W/O STIRRUPS;
writeln(fout,’ iy

writeln{fout,'’ n = Number of iterations?;
writeln(fout,! W = Beam width (ins.))
writeln{fout,’ fc = Concrete strength (psi));
writeln(fout,’  Cb = Concrete cover (ins.})");
writeln(fout,'  Cso = Concrete side cover (ins.)');
writeln(fout,'  Csi = One-half clear bar spacing {ins.};
writeln(fout,’ Ls = Splice length (ins.)");
writeln(fout,’” Nb = Number of bars spliced');
~writeln(fout,’ Db = Spliced bar diameter (ins.)'};
writein(fout,”  Ab = Spliced bar area (sq. ins.));
writeln(fout,” ');
write(fout,, nn W fc Cb Cso Csi Ls Nb Db Ab ");
writeln{fout,' Egl Eq2 RI R2 MR1 MR2 SD1 SD2 VI V2%
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write{fout,' Y;
writeln(fout,' Y
End;

{ITERATIVE PROCESS FOR DETERMINING THE LONG-TERM IN-SITU}
{ COMPRESSIVE STRENGTH OF CONCRETE}

Procedure festR;
Var fc35 : Real;
Begin
fc35 = fc;
Repeat
fcR = fe:
fc := fe35%(0.89*(1.0+0.08*In(fcR/3600)1In(10.0)));
until Abs(fcR-fc) < 1.0;
End;

{MAIN PROCEDURE FOR THE MONTE CARLO SBMULATIONS WHERE THE DATA}
{FOR EACH BEAM IS READ FROM THE DATA FILE; RUNS ALL THE PROCEDURES}
{ REQUIRED FOR THE SIMULATIONS; COMPUTES THE MEANS, STANDARD}
{DEVIATIONS, AND COV FOR EACH BEAM; COMPUTES THE CUMULATIVE}
{MEANS, STANDARD DEVIATIONS, AND COV; AND WRITES THE RESULTS}
{INTO FILES}

Procedure Simulate;
Begin

{WRITES THE NOTATION AND HEADING INFORMATION FOR}
{MONTE CARLO SIMULATION QUTPUT RESULT FILE}

writeln(fl,, RESULTS OUTPUT FOR BEAMS W/Q STIRRUPS";
writeln(fl,' B

writeln{fl,, W = Beam width (ins.)");

writein(fl,’  fc = Concrete strength (psi)?);

writeIn(fl,’ Cb = Concrete cover (ins.)');

writeln{fl,’ Cso = Concrete side cover (ins.)");

writeln{(fl,  Csi = One-half clear bar spacing (ins.));

writeln(fl,’ Ls = Splice length (ins.)?);

writeln{fl,, Nb = Number of bazs spliced’);

writein{fl,’ Db = Spliced bar diameter (ins.));

writeln(fl,  Ab = Spliced bar area (3q. ins.)');

writeln(fl,' );

write(fl,Beam W fc Cb Cso Cst Ls Nb Db Ab 7);
write(fil,, EI E2 Rl R2 81 82 VI %

writeln{fl,' V2 MRI MR2 MS1 MS2 MV MV2)
write(fl,’ %
write(fl,’ %

writeln(fl,’ Y

{READS THE FIRST LINE (HEADING) FROM THE INPUT FILE}

readin(fin,st);
{INITIALIZES VARIABLES}

mrl = 0.0; mr2 :=0.0; msl =00, ms2 :=0.0; mvl =00, mv2:=00;
§1:=0.0; 52 :=0.0; kl:=0; s3:=0.0; s4 :=0.0;

{ITERATION FOR READING AND PROCESSING THE DATA FOR EACH BEAM}

While not Eof{fin) do
begin
Window(1,1,80,25);
CirSer; InputData; Str(n,st);
Assign{fout,fname+'.'+st); {$I-}Rewrite{fout);{$1+}
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Chkfile('’FILE FOR OUTPUT', DISK/DRIVE);
if err = 1 then Exit;

{INITIALIZES AND EVALUATES VARIABLES}

R1:=Eqn(l); R2 :=Eqn(2),

OutData;
write(fout,W:10:2,{c:6:0,Cb:7:3,Cs0:7:3,Cs1:7:3,Ls:7: 2. Nb:3);
writeln(fout,Db:7:3 Ab:6:2,R 1:7:0,R2:7:0);

a0 = Ls; al :=Ch; a2 == Cso; a3 =W ad = fc;

Ve 1= 550.0/{fc+2.33*550.0-500.0); Ve = sqre(Ve*Vc+0.0084);
Rel :=0.0; Rec2 :=0.0; sdl ;= 0.0; sd2 :=0.0; r21 =0.0;

122 == 0.0; fom :=0.0; Cbm := 0.0; Cim = 0.0; Lsm = 0.0;
Elm :=0.0; E2m :=0.0;

{ITERATION FOR PERFORMING THE MONTE CARLO SIMULATIONS k TIMES}
{FOR EACH BEAM}

forj:=1tokdo
begin
Randomize;
Window(20,21,40,22);
writeln("WORKING ON CYCLE 'j);
Ls:=a0; Cb:=al;, Cso:=a2; W:=a3; fc:=a4;
festrR;

{ITERATION FOR RANDOMLY GENERATING THE VARIABILITY ASSOCIATED}
{WITH EACH OF THE VARIABLES FOR CALCULATING THE PREDICTED}
{BOND FORCE}

fori:=1to6do
begin
Getz;
if pz < 0.50 then z 1= -z;
Caseiof
1:Ls :=Ls+0.6079%z;
2 ifh> 12.0 then Ch := Ch+{(}.304(*z
else Ch 1= Ch+(.2280%z;
3:if W > 12,0 then Cso = Cso+0.2551%z
else Cso := Cso+0.1913*z;
4 :if'W > 12.0 then W := W+0.0625+0.2232%z,
else W 1= W+0.0625+0.1594%z;
5 foc = fcR*(1.0+Ve*z),
6 : tel ;= 1.0000%(1.0+0.0809*z);
end;
end;

{COMPUTES THE MEAN, STANDARD DEVIATION, AND COV FOR}
{EACH BEAM AND CUMULATIVE MEAN, STANDARD DEVIATION}
{AND COV INCLUDING PRECEDING BEAMS}

el = twl*Eqn(l); 2 = tc2*Eqn{l);
Rel := Rel+el/R1; Re2 = Re2+e2/R2; ki :=kl+1;
121 == r21+el*el/R1I/RL; r22 :=1r224e2*2/R2/R2;
53 1= s3+el/R1; s4 ;= sd4+e2/R2;
sl :==sl+el*el/RI/R1; 52 := s2+e2*%e2/R2/R2;
ifj> 1 then
begin
sdl = sqrt((r21-Rc1*Re 14k
sd2 := sqri((r22-Re2*Re2/)f);
end;
if k1 > 1 then
begin
msl = sqrt({s1-s3*s3/klykl);
ms2 = sqrt((s2-s4*sd/k1ykl);
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end;
fem = fem+fc; Chm := Cbm+Cb; Cim = Cim+Csi; Lsm = Lsm+Ls;
Elm :=Elm+el; E2m = E2m+e2;

{SECTION DISPLAYS THE CURRENT RESULTS ON THE SCREEN}

Window(10,16,70,21);

writeln{' CURRENT R1 = "el/R1:6:3, CURRENT R2 =",e2/R2:6:3);
writeln(' MEAN R1 ='Rcl/j:6:3;) MEANR2 =" Rc2/j:6:3);
writeln(' STD DEV 1 ='sd1:6:3 STDDEV 2 ='sd2:6:3);
writeln(" C.O.V.1="sdl/Rc1*;:6:3, C.OV.2="sd2/Rc2¥%:6:3);

{WRITES THE CURRENT RESULTS INTO THE RESULT FILE FOR}
{EACH BEAM}

write(fout,j:3,W:7:2,f¢:6:0,Cb:7:3,Cs0:7:3,Cs1:7:3,L5:7: 2 Nb:3,D0b:7:3,Ab:6:2);
write(fout,e1:7:0,2:7:0,e1/R1:7:3,e2/R2:7:3,Re1/j:7:3,Rc2/j:7:3,5d1:7:3);
writeln(fout,sd2:7:3,sd1/Rc1%{:7:3,5d2/Rc2¥1:7:3);
end;
writeln(fout,” *);
Close(fout);

{COMPUTES THE AVERAGE VALUES FOR ALL VARIABLES FOR}
{EACH OF THE BEAMS}

fc i=femfj; Cb = Cbm/fj; Csi:=Cim/j; Ls :=Lsm/j; el :=Elm/f;
e2 = F2m/fj; mrl = mri+el/R]1; mu2 = mr2+e2/R2; mvl = msl/mri*n;
mv2 = ms2/mr2*n;

{WRITES THE CURRENT BEAM RESULTS INTO THE RESULT FILE}
{THAT CONTAINS THE SUMMARY OF ALL THE RESULTS FOR ALL BEAMS}

wiite(fl,n:3,W.7:2,{c:6:0,Ch:7:3,Cs0:7:3,Cs1:7:3,L5:7:2,Nb:3,Db:7:3);
write(fl,Ab:6:2,e1:7:0,e2:7:0,e1/R1:7:3,e2/R2:7:3);
write(fl,sd1:7:3,5d2:7:3,5d 1/Rc1%i:7:3,5d2/Rc2%):7:3, mr1/m:7:3);
writein(fl,mr2/m:7:3,ms 1:7:3,ms2:7:3,mv1:7:3,mv2:7:3):
end;
End;

{CHECKS TO SEE IF A SPECIFIED FILE EXISTS OR WAS OPENED SUCCESSFULLY}

Procedure Chkfile(s1,s2 : String);
Begin
if Ioresult <> 0 then
begin
Window(10,10,70,15);
ClrSer;
writeln{' CANNOT OPEN 's1);
writeln;
writeln{' PRESS ANY KEY TC END AND CHECK ‘,;52);
err == 1;
st := Readkey;
Exit;
end;
End;

{START OF THE MAIN PROGRAM WHERE ALL INPUT 1S MADE]}

BEGIN
GetTime(hr,mn,sec,sec 100);
Window(1,1,80,25);
ClrScr;
err =0,
n:=o;
write{" ENTER NAME OF THE DATA FILE W/0O EXTENSION : %;
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readin(fname);
Assign(fin,fname+ . DATY;
{$I-}Reset(fin); { $1+}
Chkfile('DATA FILE 'DATA FILEY;
if err = 1 then Exit;
Assign({fl.fname~+" . RST");
{$I-}Rewrite(fl); { $1+}
Chkfile{FILE FOR QUTPUT, DISK/DRIVE";
if err = | then Exit;
writeln;
write{" ENTER THE NUMBER OF CYCLES REQUIRED : 7; readla(k);
Simulate;
GetTime(hrl,mnl, secl,sec1001);
writeln(fl,) °);
writeln(fl,'STOPPING TIME : Lhr1,"\mnl,",secl," ,seciC01);
writeln(fl,'STARTING TIME : *hr,"",mn,""sec,'.,sec100);
Close(fin);
Close(fl);
END.
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(b)

Program Bst;
{MONTE CARLO SIMULATION FOR BEAMS WITH STIRRUPS}

Uses Crt, Dos;
{DECLARATION OF GL.OBAL CONSTANTS FOR THE PROGRAM}

Const
left = 0.0; tol = [.Qe-6;

{DECLARATION OF GLOBAL VARIABLES FOR THE PROGRAM}

Var

a, b, z, pz, Ls, Ch, Csi, fc, Db, Ab, Cmin, Cmax, fcem, Cbm, Cim, Lsm,
Elm, E2m, R1, R2, h, tcl, tc2, Rcl, Rc2, al), al, a2, a3, a4, sdl, sl,
sd2, 121, 122, V¢, Av, Sv, Nv, mrl, mr2, msl, ms2, mvl, mv2, s2, s3,
result, errest, Cso, W, Cs, s4, Afr, Atm, el, 2, ell, el?, e21, e22,
CMm, fcR, Rr, aS, Vr, Rrm, Rm, Cmind, denol, deno2, trtd: Real;

Nb, Ns, err : Byte;

n, 1 : Integer;

k1, 1,3, k, m, m0, hr, mn, sec, sec100, hrl, mnl, secl, sec1001 : Word;
fname : String{20];

st : String;

fin, fout, fl : Text;

{FUNCTION EVALUATES THE EXPRESSION e-(0.5*22)}

Function F(z : Real) : Real;
Begin

F = exp(-z*2/2.0);
End;

{FUNCTION EVALUATES THE EXPRESSION FOR SIMPSON'S RULE}

Function Simpson{a,b,h : Real) : Real;
Var mid : Real;
begin
mid = (b+a)/2.0;
Simpson = h/6.0*(F(a)+4.0*F(mid)}+F(b));
end;

{NUMERICAL METHOD TO DETERMINE THE CURRENT IMPROVED STANDARD]}
{NORMAIL VALUE, z[i+1], FROM A PREVIOUS VALUE OF z{i] DURING EACH CYCLE}
{OF THE ITERATIVE PROCESS}

Procedure Adap_Quad(left,z,tol:Real; var resuit:Real; var errest:Real);
Var h, I1, 12, mid, resultl, result2, errestl, errest2 : Real;
Begin
m = m+i;
h = z-left;
I1 ;= Simpson(left,z,h);
h:=h/2.0;
mid = (left+z)/2.0;
12 = Simpson(left,mid,h)+Smpson{mid,z,h);
errest = abs((I12-11)/15.0);
if abs(errest) > tol then
begin
Adap_Quad(left,mid, tol/2,resalt |, errest1);
Adap_Quad(mid,z,tol/2 result? errest2);
result ;= resultl+result2;
errest ;= errest]+errest2;
end
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else
result := [2-errest;
End;

{ITERATIVE PROCESS TO OBTAIN THE STANDARD NORMAL VALUE, z, FOR ANY}
{RANDOMLY GENERATED CUMULATIVE PROBABILITY, pz, USING THE}
{PRCCEDURE Adap_Quad AS OFTEN AS IT IS REQUIRED}

Procedure Getz;
Begin
pz := Random;
a:=0.0; z:=2.0;, b:=4.0; m0:=0;
Repeat
m 1= mO+1; m:=0;
Adap_Quad(left,z tol,result,errest);
result := O.5+result/sqri(2.0%pi);
if pz < 0.50 then
begin
result := 1.0-result;
ifresult<pzthenb:=zelsea:=z;
end
else
begin
ifresult<pzthena:=zelseb:=z;
end;
z = 0.5*%(a+b);
if mQ > 500 then Exit;
Until abs{pz-result) < tol;
End;

{FUNCTION DETERMINES THE MINIMUM OF TWO VARIABLES)
Function Min(a,b :Real) : Real;

begin
ifa<bthenMin:=a
else Min :=b;

end;

{FUNCTION DETERMINES THE MAXIMUM OF TWO VARIABLES)

Function Max(a,b :Real) : Real;
begin

ifa>bthen Max:=a

else Max = b;
end;

{FUNCTION DETERMINES NOMINAIL BOND FORCE WITH THE Cmax/Cmin TERM }

Function Eqnl : Real;
Var Eq : Real;
Begin
Egq := 80.2*Ls*Ab/Db*deno1+2130.0* Ab*(0.10*CMm-+3.90);
EEgnl = Sqri(Sqrt(fe))*Eg
nd;

{FUNCTION DETERMINES NOMINAIL BOND FORCE WITHCUT THE}
{Cmax/Cmin TERM}

Function Eqn2 : Real;
Var Eq : Real;
Begin
Eq = 80.2*Ls*Ab/Db*denc2+2130.0%Ab;
Eqn2 := Sqri(Sqrt(fc))*Eqg
End;
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{FUNCTION DETERMINES PREDICTED BOND FORCE!}

Function EqnP : Real;

Var Hqg : Real;

Begin
Eq = 63.0*Ls*Db*deno1+2130.0* Ab*(0. 1*CMm+0.9)+66.0;
EqnP = Sqrt(Sqrt{fc))*Eq

End;

{FUNCTION DETERMINES THE APPROPRIATE VALUES FOR SOME PARAMETERS}
{AND FUNCTIONS USED IN THE DETERMINATION OF BOND FORCE}

Function Eqn(n ; Byte) : Real,
Begin
Csi == (0.5¥W-Nb*Db-Cso)/(INb-1.0);
Cs ;= Min(Cso0,Csi+0.25);
if Cs < Cb then Atr := 2.0*Av/Nb
else Atr = Av;
Cmin = Min(Cs,Cb);
Cmind :=Min(Min(Csi,Cs0),Ch);
Cmax = Max(Cs,Cb);
CMm := Cmax/Cmin,
if CMm > 3.5 then CMm = 3.5;
trtd = (9.6*Rr+0.28)%(0.72*Db+0.28);
denol = ({Cmin+0.5*Db)*(0.1*CMm+0.9)+35.3*irtd* Atr/{Ls/Nv))/Db;
deno? := ({Crmind+0.5*Db)+35.3*tred* Atr/(L.s/Nv))Db;
if dencl > 4.0 then denol :=4.0;
if denoZ > 4.0 then deno? = 4.0;
case n of
0 :Eqgn = EqnP;
1: Eqn = Eqgnl;
2 : Egn := Eqgn2;
end;
End;

{PROCEDURE FOR READING, FROM THE DATA FILE, AND DISPLAYING, ON THE}
{SCREEN, THE NOMINAL VAILUES FOR EACH BEAM)

Procedure InputData;

Begin
readin(fin, W,h,fc,Cb,Cso,Ls,Nb,Db,Ab,Av,Sv);
1= 140
writeln{' CURRENT INPUT DATA FROM FILE 'fname+ . DAT";
writeln{' B>
writeln(' Data for beam number ............ a5y,
writeln{' Beam width (ins.) ............... | W:5:2);
writeln{' Beam depth (ins.} ..ccecvuenene Lh:5:2);
writeln(’ Concrete strength (psi) ......... Lic:4:0);
writeln(' Concrete cover (ins.) ... LCh:5:3);
writeln(' Concrete side cover {ins.} ...... ' Cs0:5:3);
writeln(' Splice length {ins.) ............ "\Ls:5:2);
writeln(' Number of bars spliced .......... ' Nb:2);
writeln(' Spliced bar diameter (ins.) ..... "Db:5:3);
writeln(' Spliced bar area (sq. ins.) ..... ,LAb4:2);
writeln(’ Stirrup area (sg. ins.) ......... JAv:4:2};
writeln(’ Stirrup spacing (ins.) ...oee. LSviE2);
writeln(' Relative Rib Area, Rr........... ',a5:5:3);
writeln( Coeff. of Variation for Rr ...... LV6:4),

End;

{PROCEDURE FOR WRITING THE NOTATION AND HEADING INFORMATION FOR}
{EACH BEAM INTO THE OUTPUT FILE FOR THE BEAM}

Procedure OutData;
Begin
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writein(fout,! RESULTS OUTPUT FOR BEAMS WITH STIRRUPS'Y;
writeln(fout,’ "
writeln(fout,!, n = Number of iterations');

writein(fout,! W == Beam width {ins.)");

writeln(fout,’ fc = Concrete strength (psi));
writeln(fout,'’ Cb = Concrete cover (ins.)";

writeln{fout,’  Cso = Concrete side cover (ins.)');
writeln(fout,  Csi = One-half clear bar spacing (ins.));
writeln(fout,  Ls = Splice length (ins.));

writeln(fout,!  Number of bars spliced ............. ' Nb:7);
writeln(fout,’  Spliced bar diameter (in8.) weeeenne L Db 7:3);
writeln(fout,’  Spliced bar area (sq. ins.) .......... LADT2),
writein{fout,’  Stirrup effective area (sq. ins.) ..'.',Atr:7:2);
writeln(fout,’  Stirrup spacing (ins.) ..cceceevene. STy
writeln(fout,’  Relative Rib Area of Bar, Rr ......... La5:7:3)
writeln(fout,!  Coeff, of Variation for Rr ........... VT4,
writein(fout,” '

write(fout, n W fc Cb Cso Csi Ls 7

writeln(fout, Rr Eq! EqZz R1 R2 MR!I MR2 SDI SD2 V1 V2
write(fout,’ Y

writeln(fout,' %

End;

{(TTERATIVE PROCESS FOR DETERMINING THE LONG-TERM IN-SITU}
{COMPRESSIVE STRENGTH OF CONCRETE}

Procedure fcstrR;
Var fc35 : Real;
Begin
{35 = fo;
Repeat
fcR = fc;
fe = fe35%(0.89*(1.0+0.08*n(fcR/3600)/In(10.0)));
unti] Abs{fcR-fc) < 1.0;
End;

{MAIN PROCEDURE FOR THE MONTE CARLO SIMULATIONS WHERE THE DATA}
{FOR EACH BEAM IS READ FROM THE DATA FILE; RUNS ALL THE PROCEDURES}
{REQUIRED FOR THE SIMULATIONS; COMPUTES THE MEANS, STANDARD}
{DEVIATIONS, AND COV FOR EACH BEAM; COMPUTES THE CUMULATIVE}
{MEANS, STANDARD DEVIATIONS, AND COV; AND WRITES THE RESULTS}
{INTO FILES}

Procedure Simulate;
Begin

{WRITES THE NOTATION AND HEADING INFORMATION FOR }
{MONTE CARLCO SIMULATION OUTPUT RESULT FILE}

writeln(fl,, RESULTS QUTPUT FOR BEAMS WITH STIRRUPS"Y;
writeln(fl,’ ="}

writeln(fl,) W = Beam width (ins.)');

writeln(fl,’  fc = Concrete strength (psi)’);
writeln{fl,’ Cb = Concrete cover (ins.)');
writeln(fl,’  Cso = Concrete side cover (ins.)");
writeln(fl,’  Csi = One-half clear bar spacing (ins.));
writeln(fl,’  Ls = Splice length (ins.));

writeln(fl,, Nb = Number of bars spliced');
writeln(fl,, Db = Spiiced bar diameter (ins.)");
writeln(fl,’ Ab = Spliced bar area (sq. ins.)");
writeln(fl,’  Afr = Stirrup effective area (sq. ins.));
writeln(fl,’  Sv = Stirrup spacing (ins.)"),
writeln(fl,’ Relative Rib Area, Rr=",a5:7:4, ; COV for Rr =" Vr:7:4);
writeln(fl," ;

write(fl,Beam W fc Cb Cso Csi Ls Nb Db Ab )
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write{fl, Atr 8v Rr El1 E2 Rl R2 81 82 VI 7
writeln(fl,’ V2 MR1 MR2 MS1 MS2 MVI MV2Y),

write(ﬂ,' l);
write(fl,’ Y
writeln(f],"- Y

{READS THE FIRST LINE, HEADING, FROM THE INPUT FILE}

readIn(fin,st);
{INTTIALIZES VARIABLES}

mrl ;= 0.0; mr2 :=0.0; msl =0.0; ms2 :=0.0; mvl :=0.0; mv2:=0.0;
§1:=0.0; s2:=00; k1:=0; s3:=00; s4 =00

{ITERATION FOR READING AND PROCESSING THE DATA FOR EACH BEAM}

While not Eof(fin) do
begin
Window(1,1,80,25);
ClrSer; InputData; Str(n,st);
Assign(fout,fname+'.'+st); {$I-}Rewrite(fout);{ $I+}
Chkfile('FILE FOR QUTPUT ' DISK/DRIVE";
if err = 1 then Exit;

{INITIALIZES AND EVALUATES VARIABLES}

Rr:= a5; Nv:=Ls/Sv; Rl = Eqn(l); R2 := Eqn(2),

OutDara;

write{fout,W:11:2,f¢:6:0,Cb:7:3,Cs0:7:3,Cs1:7:3 Ls:7:2),
writeln(fout,Rr:7:4,R1:7:0,R2:7:0);

a0 :=Ls; al ;:=Cbh; a2 =Cso; a3 .= W; a4 = fe;

Ve = 550.0/(fc+2.33*550.0-500.0); Ve = sqrt(Ve*Ve+0.0084);
festrR ;

Rel :=0.0; ReZ2 :=0.0; sdl :=0.0; 5d2:=0.0; 21 :=0.0;

122 = 0.0; fom :=0.0; Cbm :=0.0; Cim :=0.0; Lsm :=0.0;
Eim:=0.0; E2m = 0.0; Atm :=0.0; Rrm =00,

{ITERATION FOR PERFORMING THE MONTE CARLO SIMULATIONS k TIMES]
{FOR EACH BEAM}

forj:=1tokdo
begin
Randomize;
Window(20,23,40,24);
writeln{ WORKING ON CYCLE ')
Ls:=a0; Cb:=al; Cso:=a2; W:=a3; fc:=ad; Rr:=a5+Rm;

{ITERATION FOR RANDOMLY GENERATING THE VARIABILITY ASSOCIATED}
{WITH EACH OF THE VARIABLES FOR CALCULATING THE PREDICTED}
{BOND FCORCE}

fori:=1to7do
begin
Getz;
if pz < 0.50 then z := -z;
Case i of
1 : Ls = Ls+0.6079%z;
2:ifh> 12.0 then Cb = Cb+0.3040%z
else Ch := Cb+0.2280*z2;
3:1if W> 12.0 then Cso 1= Cso+0.2551%z
else Cso := Cso+0.1913%z;
4 if W> 12.0 then W = W+0.0625+0.2232*z
else W = W+0.0625+0.1504%z;
5 fo = feR*{(1.0+Vc*z);
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6 :tcl ;= 1.0082%(1.0+0.1022%z);
7 : Rr = Rr*{1.0+Vr*z);
end;
end;

{EVALUATES THE PREDICTED BOND FORCE FOR THE TWO}
{INTEGER VALUES FOR THE NUMBER OF STIRRUPS}

fori:=0to1do
begin
Nv = 1.0*(Trunc(Ls/Sv)+1);
if | = 0 then
begin
ell = te1*Eqn(0y*(1.0-Frac(Ls/Sv));
el2 = te2*Eqn(0)*(1.0-Frac(Ls/Sv));
el = tcl1*Eqn{0); e2 = c2*Egn((};
write(fout,j:3,'a', W:7:2,£c:6:0,Cb:7:3,Cs0:7:3,Cs1:7:3);
writeln(fout,Ls:7:2.Rr:7:3,e1:7:0,e2:7:0,e1/R1:7:3,e2/R2:7:3);
end
else
begin
e21 = tc1 *Eqn{0)*Frac(Ls/Sv);
£22 = tc2*Eqn{0)*Frac(Ls/Sv);
el := tc1*Eqn(0); e2 := tc2*Eqn(0);
write(fout,j:3,'b",'W:7:2,£c:6:0,Ch:7:3,C50:7:3,Csi:7:3);
writeln{fout,L.s:7:2,Rr:7:3,e1:7:0,2:7:0,e [/R1:7:3,e2/R2:7:3);
el :=ell+e2l;
e2 :=el2+e2;
end:
end;

{COMPUTES THE MEAN, STANDARD DEVIATION, AND COV FOR }
{EACH BEAM AND CUMULATIVE MEAN, STANDARD DEVIATION, }
{AND COV INCLUDING PRECEDING BEAMS)

Rel :==Rel+(ell+e21WR1; Re?2 = Re2+(el2+e22)/R2; kil =ki+l;
r21 = r21+(el1*el 1/(1.0-Frac(Ls/Sv))+e21*¢2 1/Frac(ls/Sv))/R1I/R1;
122 = 122+(e12*e12/(1.0-Frac(Ls/Sv)+e22*e22/Frac(1s/Sv)/R2/R2;
$3 = s3+(ell+e21VR1; s4 = sd+{el2+e22)}R2;
51 = sl+{el1*el 1/(1.0-Frac(Ls/Sv))+e21*e21/Frac(ls/Sv))/R1/R1;
52 1= s2+{e12*e12/(1.0-Frac{Ls/Sv))+e22*e22/Frac(ls/Sv))/R2/R2;
ifj> 1 then
begin
sdl = sqrt((r21-Rec1*Re 1)
sd2 = sqrt((r22-Re2*Re2/)f);
end;
ifkl1>1 then
begin
ms1 = sqrt({s1-s3*s3/k1y/k1);
ms2 = sqri{(s2-sd*sd/k1Vkl);
end;
fem = fem+fo; Chm = Cbhm+Ch; Cim ;= Cim+Csi; Lsm = Lsm+Ls;
Elm = Elm+el; E2m = E2m+e2; Atm = Atm+Atr; Ron = Rrm+Rr;

{DISPLAYS THE CURRENT RESULTS ON THE SCREEN}

Window(10,18,70,23);

writeln(' CURRENT R1 ="¢1/R1:6:3,' CURRENT R2 =",&2/R2:6:3);
writeln{ MEANRI1 ='Recl/1:6:3' MEANR2 ='"Rc2/}:6:3);
writeln{’ STD DEV I =',sd1:6:3,) STD DEV 2 ='5d2:6:3);
writeln{’ C.O.V. 1= "sd1/Rcl*j:6:3, C.O.V.2="5d2/Rc2*j:6:3);

{WRITES THE CURRENT RESULTS INTO THE RESULT FILE FOR}
{EACH BEAM}
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write(fout.j:3,W:8:2,fc:6:0,Cb:7:3,Cs0:7:3,Cs1:7:3,Ls:7:2, Rr: 7:3);
write(fout,e1:7:0,62:7:0,e1/R1:7:3,62/R2:7:3 Re1/j:7:3,Re2/i:7:3,5d1:7:3);
writeln{fout,sd2:7:3,sd1/Re1%§:7:3,5d2/Rc2*::7:3);
end;
writeln(fout,' ;
Close(fout);

{COMPUTES THE AVERAGE VALUES FOR ALL VARIABLES FOR}
{EACH OF THE BEAMS}

fo == fem/j; Cb = Cbm/fj; Csi = Cimfj; Ls :=Lsm/fj; el :=Elm/;
e2 = E2mfj; mri :=mri+el/R1; mr2 := mr2+¢2/R2; mv] = msi/mri*n;
mvZ2 = ms2/mr2¥n; Atr = Aun/j; Rr:= Rrm/j;

{WRITES THE CURRENT BEAM RESULTS INTO THE RESULT FILE}
{THAT CONTAINS THE SUMMARY OF ALL THE RESULTS FOR ALL BEAMS}

write(fl,n:3, W:7:2 £¢:6:0,Ch:7:3,Cs0:7:3,Cst:7:3,L5:7:2 Nb:3,Db: 7:3);
write(fL,Ab:6:2, Atr:6:2,5v:6:1,Rr:7:3,¢1:7:0,e2:7:0,e1/R1:7:3,e2/R2:7:3);
write(fl,5d1:7:3,5d2:7:3,5d1/Re 1%§:7:3,5d2/Rc2*j:7:3,mr 1/ 7:3);
writeln{fl,mr2/n:7:3,ms1:7:3,ms2:7:3,mv1:7:3,mv2:7:3);
end;
End;

{CHECKS TO SEE IF A SPECIFIED FILE EXISTS OR WAS OPENED SUCCESSFULLY}

Procedure Chkfile(s!,s2 : Siring);
Begin
if Toresult <> 0 then
begin
Window(10,10,70,15);
ClrScr;
writeln(' CANNOT OPEN 's1);
writeln;
writeln(" PRESS ANY KEY TO END AND CHECK ',s2);
err == 1;
st := Readkey;
Exit;
end;
End;

{START OF THE MAIN PROGRAM WHERE ALl INPUT IS MADE}

BEGIN
GetTime(hr,mn,sec,sec100);
Window(1,1,80,25);
ClrSer;
err =
n:=0;
write{" ENTER NAME OF THE DATA FILE W/0O EXTENSION : );
readin(fname);
Assign(fin,fname+ DATY;
{81 }Reset(fin); { $1+}
Chkfile(DATA FILE 'DATA FILE");
if err = 1 then Exit;
Assign(fl.fname+" . RST";
{31-}Rewrite(f1);{$1+}
Chkfile('FILE FOR QUTPUT, DISK/DRIVE";
if err = 1 then Exit;
writeln;
write{' ENTER THE NUMBER OF CYCLES REQUIRED : '); readin(k);
writeln;
write(' ENTER THE RELATIVE RIB AREA OF BAR:"); readin(ad);
writeln;
write(" ENTER DEVIATION OF RELATIVE RIB AREA :"; readin(Rm);
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writeln;
write(' ENTER THE COV OF RELATIVE RIB AREA :"; readin(Vr);
Sirnulate;
GetTime(hrl,mnl,secl,sec1001);
writeln(fl,) ');
writeln(fl, STOPPING TIME : ‘hri,"”,mn1,"" secl, ' sec1001);
writeIn{fl, STARTING TIME : "hr,"",mn,"’ sec,' . ,sec100);
Close(fin);
Close(fl);
END.
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Appendix C
Notation
Ay = bar area, in in.2
Ar = influence area, in {t2
At = tributary area, in ft2
Ay = area of each stirrup or tie crossing the potential plane of splitting adjacent to the
reinforcement being developed or spliced, in in.2
b = beam width, in in.
c =(cqp + 0.5 dp)(0.1 cpmfey + 0.9) or (¢ + 0.5 dp)
Cp = bottom cover of reinforcing bars, in in.
CM = maximum value of ¢ or ¢, (Cpm/Cy £ 3.5), in in.
Cm = minimum value of ¢ or ¢ (Cmfen < 3.5), in in.
Cs = min (cq + 0.25 in., ¢) or min (Cy, Cs0), in in.
Csi = one-half of clear spacing between bars, in in.
Cso = side cover of reinforcing bars, in in.
dy = nominal bar diameter, in in.
f = stress rate, in psi/sec
s = concrete compressive strength, in psi; f.14 in psi
£, = concrete compressive strength at stress rate f, in psi
fer =f'¢ + 2.33 Ggeyt - SO0 psi, required average concrete compressive strength, in psi
f'eas = concrete compressive strength at f = 35 psi/sec, in psi
fs = steel stress at failure, in psi
fy = yield strength of bars being spliced or developed, in psi
h = beam depth, in in.
K¢ = 353 titgAyfsn
L, = basic (unreduced) live load

7] = development or splice length, in in.
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n

Iy,
Q
Qp
Qpn
QL
Qia
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= number of transverse reinforcing bars {stirrups or ties) crossing Iy
= number of bars being developed or spliced along the plane of splitting

= number of bars

= total load

= random variable representing dead load effects
= nominal dead load

= random variable representing live load effects

= nominal live joad

(Q1/Qp)y = nominal ratio of live to dead load

Vccyl
Vi
VQD

= random loading

= random variable for resistance

= nominal resistance

= predicted capacity random vartable

= ratio of projected rib area normal to bar axis to the product of the nominal bar
perireter and the center-to-center rib spacing

=R/R;y = X(RYR,

= spacing of transverse reinforcement, in in.

= total force in a bar at development or splice failure, in [b

= contribution of confining steel to total bar force at bond failure

= 0.72 dy + 0.28, term representing the effect of bar size on T

= 9.6 R; + (.28, term representing the effect of relative rib area on T;

= coefficient of variation

= coefficient of variation for random variable for resistance

= coefficient of variation for random variable for total load

= (Veey? + 0.0084)1/2, assumed coefficient of variation for in-place concrete
= Gccyl/ e

= coefficient of variation associated with the predictive equation (or model) itself

= coefficient of variation of random variable representing dead load effects
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VQL = coefficient of variation of random variable representing live load effects

VR, = coefficient of variation of relative rib area

V: = coefficient of variation of resistance random variable r

Vp = coefficient of variation of test/prediction ratio

Vis = coefficient of variation of the predictive equation caused by uncertainties in the

measured loads and differences in the actual material and geometric properties of the
specimens from values used to calculate the predicted strength

Vxam = coefficient of variation of random variable X(i)

Vg = coefficient of variation of loading random variable q

X(1) = test-to-predicted load capacity random variable

X(2) = actual-to-nominal dead load random variable

X3 = actual-to-nominal live load random variable

X4 = concrete strength, {', random variable

X(5) = splice length, l4, random variable

X(6) = concrete COVer, ¢y, random variable

X(7) = side cover, Cgq, random variable

X&) = beam width, b, random variable

X(9) + =relative rib area, R, random variable

B = reliability index

0 = strength reduction factor for the main loading

by = overall strength reduction factor against bond failure

de = “composite” strength reduction factor

bg = ¢n/9, effective strength reduction factor for use in calculating development/splice
length

o = load factor for dead loads

. = load factor for live loads

o = standard deviation

Oeyl = standard deviation for standard laboratory cylinders

overbar represents average value of the variable





