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Abstract 

This is a study of the punching shear strength of interior slab-column connections. 

The connections contain tension reinforcement only, no shear reinforcement. The 

study is directed toward the effect of vertical holes through the slab close to the 

column. 

A review of past investigations into slab-column connections reveals that there 

are many equations for prediction of punching shear strength. Nearly all of the 

equations are based on results from laboratory tests of a simply supported speci-

men. 

Using finite element analysis the suitability of the laboratory specimen is ex-

amined. The finite element analysis raises some question about shape and support 

conditions of the laboratory specimen. However the problems with the finite el-

ement model and the results it gave preclude rejecting the test specimen and its 

corresponding data. 

One of the papers reviewed describes a logical model for predicting punching 

shear strength. This model, proposed by Rankin and Long in 1987 24. is adapted 

to handle slabs that include holes. Three methods of reducing the critical section 

due to holes are investigated. The results show that the method currently used by 

the Canadian Design Code is more conservative than necessary. It is recommended 

that the method first proposed by R.E. Loov, called the 90 degree wedge method 

be adopted for use. 
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DROP PANE. 

Chapter 1 

Ultimate Shear Strength and Vertical Holes 

1.1 Introduction 

In designing a concrete flat slab, the major design consideration is the distribution 

of flexural reinforcement. Yet in almost every case, it is the shear forces in the 

area of the slab-column connection that are the governing factor. In attempting to 

design slabs without the use of drop panels or column capitals this area becomes 

increasingly important. The cost of column capitals and drop panels is very high 

COLL-AN cAPrrAL 

Figure 1.1: Drop Panel and Column Capital 

and as such, their use should be avoided whenever possible. It is often the case 

that vertical holes through the slab, close to the column, are required for electrical 

and mechanical utilities. 

1 
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1.2 Problem 

The problem can be stated as: 

What is the punching shear stength of an interior slab-column connection? And 

what is the effect of vertical holes on that strength? 

The extent of the effect can be expected to be influenced by the size, shape and 

position of the hole. 

In order to determine the effect of such holes, testing has been undertaken by 

several investigators. Initially the problem is one of size and type of specimens to 

be tested. To build a full scale, multipanel specimen would be both cost and space 

prohibitive. 

1.3 Assumptions Made for a Laboratory Specimen 

Consider a typical 300 mm x 300 mm interior column, and a flat plate, 150 mm 

thick with a span of 4.50 mo/c in each direction shown in Figure 1.2. The boundary 

conditions at the centre lines of the slab are known but not easily duplicated in 

a laboratory. As well, the specimens would still be quite large and expensive. 

Because of this nearly all tests to determine the shear strength of slab column 

connections have been based on the portion of the slab within the lines of zero 

moment. 

If a cross section of a typical interior slab is considered the resulting deflected 

shape would be as shown in Figure 1.3. The idea is that the points of contraflexure 

form a square around the column and that the moment at these points is zero. 

Thus the slab-column connection can be simulated by a slab between L/2.5 and 
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Figure 1.2: Slab-Column System, 4.5 m o/c 

L 
4 * it 

Figure 1.3: Points of Contrafiexure Deflected Slab 



4 

L/2 square. The edges could be simply supported and the load applied to the 

column stub as shown in Figure 1.4. 

Figure 1.4: Simply Supported Slab 

It should be noted that the applied loads acting on this portion of the slab 

surface are generally ignored in these tests. 

1.4 Chapter Summary 

Chapter 2 provides a literature review of two categories of investigation; those 

carried out on slabs with holes and those that deal with solid slabs only. 

All of these prior investigations have assumed that the specimen used gives a 

realistic indication of what happens to a slab-column connection during loading. In 

Chapter 3 a study is presented to determine whether this assumption is indeed true. 

A finite element analysis of an L x L slab is described. The boundary conditions 

of such an interior panel are known and easily simulated on the computer. The 

analysis is nonlinear and examines several areas of interest up to ultimate load. 

The modelling was done using an 8 node brick element of the computer program 

ANSYS. 
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In Chapter 4 a model presented by Rankin and Long [24] is modified for slabs 

-with vertical holes. Three methods for reduction of the critical section are com-

pared. 

The summary and conclusions are presented in Chapter 5. 



Chapter 2 

Literature Review 

2.1 Introduction 

The literature review is split up into two parts. The first deals with investigations 

on slab-column connections with holes, the second with investigations without 

holes. 

2.2 Slab-Column Connections With Vertical Holes 

2.2.1 Experiments and Testing Done by Moe 

This 1961 paper 2] describes tests performed on a total of 43 specimens. These 

specimens were split into 5 different series, each series designed to test the effects 

of a different variable or condition. The series H specimens were slabs cast with 

holes immediately adjacent or close to the column. Series H consisted of a total 

of 15 different slabs, all 1.83 m (6 ft.) square with a thickness of 150 mm (6 in.). 

The specimens were centrally loaded through a 254mm (10 in.) square column stub 

with the edges of the slab simply supported. Reinforcement for all slabs except H 14 

consisted of 12, 16 mm ( inch) bars in both the x and y directions. The average 

effective depth of the slab was 114 mm (4.5 in.) and the overall reinforcement 

ratio, p, was 1.15%. Slab H14 had 8 bars for a p of 0.77%. 

The hole pattern for each of the slabs is shown in Figure 2.1. 

6 
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Figure 2.1: Hole Patterns for Moe's Tests 
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The following are the rules for the reduction of b, the length of the effective 

critical section. as quoted from Moe's paper: 

1. "In cases of square holes adjacent to the column, b was taken as the total 

periphery minus the sum of the widths of the holes, measured along the 

periphery. 

2. In cases with circular holes adjacent to the column, b was for the sake of 

simplicity measured along the shortest lines connecting the corners of the 

column to the periphery of the holes. It was realized that the holes reduced 

the shearing strength of the slabs, and the above-mentioned method of mea-

suring b was believed to express this reduction satisfactorily, although the 



8 

failure did not take place along a section of the type in Figure 2.2. 

It 

/ 

C 

Figure 2.2: Moe's Case 2: b = 3c + 91 ± g 

3. In cases in which the holes were placed, at some distance from the column, b 

was measured along straight lines from the corners of the column stub to the 

nearest poipts on the periphery of the holes, whenever this yielded smaller 

values of b than the section along the periphery of the column." The critical 

section for this case is depicted in Figure 2.3. 

For his analysis Moe used b measured along the periphery of the column face. 

However he also calculated P.  for b measured at d/2 and d from the column face. 

From this he found the variance of the test results was lowest when b was taken at 

d/2. 

In predicting the punching strength of a specimen Moe used the following for-

mula: 
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C 

Figure 2.3: Moe's Case 3: b = 4c or 3c ± g1 + 92 

- 15bdJ7(1 - O.075c/d) 

1 5.25bd/Pfiez 
(2.1) 

Where: 

= The ultimate shearing capacity, lbs. 

b = The effective critical perimeter around the loaded area, in. 

d = The effective depth of the slab, in. 

c = The side length of the column, in. 

f = The compressive strength ,of the concrete, psi. 

= The shear force at which flexural failure occurs in solid slabs, lbs. 

The equation for is the one developed by Elstner and Hognestad using 

yield line theory. 
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P1iez = 8M( 1 - 1 c/s 3 + 2v') 

Where: 

M,. = pfd(1 - 0.59w) = fwd(1 - 0.59w) 

= The ultimate flexural moment per unit width. 

P A3/(sd) = The reinforcement ratio 

= The area of reinforcement in each direction, in2. 

= The side length of a square slab, in. 

fv = The yield strength of reinforcing bar, psi. 

(2.2) 

w = pf/f = The tension reinforcement index. 

Moe concluded that this equation fit his results well. His rules for the reduction 

of b (taken at the column periphery) do not allow for any loss of strength for slabs 

H12 and H13. However his results showed a significant reduction in the ultimate 

strength of these slabs. 

2.2.2 Study by ASCE-ACI Committee 426 

This study of 1962 1,31, used the data from Moe's tests and attempted to come up 

with an alternative method for predicting the effect of holes on the critical section. 

A simplified equation for predicting ultimate strength was proposed. 

d 
Pu = 4bdj7(1 + -) (2.3) 
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Where b is the critical section measured at the column face. However ACT 

Committee 426 noted that the results with the least scatter were obtained when 

the critical section is taken at d/2 from the column face. With this in mind they 

rearranged the original equation to: 

Pu = 4b0dfj (2.4) 

where b0 is the length of the "pseudocritical" section measured at d/2 from the 

column face. 

In addressing the problem of how much to reduce the critical section the com-

mittee proposed the following guidelines: 

The positions and sizes of the holes were broken down into 4 cases. 

Case I: Holes closer than d/2 to the column. 

Case II: Holes between d/2 and 2d from the column. 

Case III: Holes greater than 2d from the 'column. 

Case IV: Holes large enough to be treated as free edges. 

For each of the above cases various rules were applied: 

Case I: "Radial lines should be drawn from the centroid of the loaded 

area to the edges of the opening . . . If there are several openings, the 

sum of the radial projections should be subtacted from the original 

pseudocritical section." Figure 2.4 shows the critical section. 

Case II: "The reduced perimeter should be taken as the smaller of 

the two given by the following criteria: 



L_ 

g 

--

Figure 2.4: Case I: b = 4(c + d) - g 

d 
2. 

C 

(a) The shortest of all possible sections lying not less than d2 from 

the loaded area. 

(b) The original pseudocritical section minus the sum of the radial 

projections of the openings as shown in Figure 2.5.' 

12 

The report also stated that when the opening was close to the corner of the 

pseudocritical section, criterion (a) would provide for no reduction while criterion 

(b) would call for too much of a reduction. 

Case III "Only criterion (a) (of Case II) and the original unreduced 

critical section need be investigated." 
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1 

J 
Figure 2.5: Critical Section, Case II (a) and (b) 

Case IV: Finally the report states that for holes that are "large compared with 

the dimensions of the critical section", that side of the critical section should be 

treated as a free edge. A free edge was to be reduced using criterion (a) of Case 

II. This definition is rather vague and is best illustrated by the examples of Figure 

2.6. 

2.2.3 Experiments Carried Out by Mowrer and Vanderbilt 

Mowrer and Vanderbilt [7] tested 2 series of slabs, one of which was designed to 

test the effect of holes near the critical shear section. This series consisted of 17 

lightweight and 8 normal weight slabs. The specimens were 914 mm (3 ft.) square 

and 76 mm (3 in.) thick. Each was loaded through a 150 mm (6 in.) column 

stub that was 150 mm high. Reinforcement consisted of varying numbers of 1 inch 
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 1' 

r 

1_ J 

Figure 2.6: ACI Committee 426, Critical Sections, Case IV 

(12mm) bars . Other variables included concrete strength and the pattern of he' 

holes. 

Like Moe's tests the slabs were simply supported at the edges and the hole 

patterns are as shown in Figure 2.7. The effective depth for all the slabs was 51 

mm (2 in.). Once again b, the effective perimeter, was calculated at the periphery 

of the column. The rules used for reduction of b were the same as those suggested 

by Moe. 

On the basis of their results Mowrer and Vanderbilt revised Moe's equation to: 

- 9.7(1 - d/c) 

bd/j 1 ± 5.25bd'7/Pjiez 

2.2.4 Thesis by Zaidi 

(2.5) 

A thesis entitled "Shear Resistance of Perforated Reinforced Concrete Slabs" was 

written by S.T.H. Zaidi and published in 1968 at the University of Pennsylvainia.I8] 
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36 

r  36" 

6"— F] EJr7 . II 

Figure 2.7: Hole Patterns for Mowrer and Vanderbilt's Tests 

The specimens used were of the same nature as the ones tested by Moe, but at a 

smaller scale. The A series of specimens were 737 mm (29 in.) square and 61 mm 

(2.4 in.) thick. The slabs were centrally loaded through a 102 mm (4 in.) square 

column stub that was 152 mm (6 in.) high. All of the edges of the slab were simply 

supported. 

Reinforcement consisted of # 2, ( in.), (6 mm) bars and the average percentage 

of reinforcement, p, was 1.15. The effective depth of the reinforcement was 46 mm 

(1.8 in). 

For the B series of slabs the effective depth of the reinforcement was reduced 

to 39 mm (1.55 in.) and the reinforcement ratio, p, increased to 1.34%. 

A total of 78 slabs were tested in series A and 45 slabs in series B. Holes were 

circular. square. rectangular and L shaped. Other variables included the number, 

position and size of the holes. The method used to calculate b was similar to, but 

not exactly the same as the method proposed by ACI Committee 426. The critical 

section was taken at the column face. Figure 2.8 shows the amount subtracted for 
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a hole was the length within the lines of the radial projection of the hole. 

C 

Figure 2.8: Section used by Zaidi, b = 4c - g1 - 92 

Zaidi believed that the ultimate strength of the specimens was affected by the 

fo11owiig parameters: 

= The strength of the concrete. 

b = The length of the critical section. 

d = The effective depth of the slab. 

c/d = The ratio of the side length of the column to the effective depth. 

e/d = The ratio of the eccentricity in the centroid of b (caused by nonsymmetric 

hole patterns) to the effective depth. 
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Pftez = The flexural strength of the slab. 

An initial statistical analysis led Zaidi to believe the prediction equation had 

the following form: 
- A(1 ± Bc11d - Ce/d) 

bdv'f - 1 ± Dbdfj/Pjiez 

A final statistical analysis gave values for the constants and the final prediction 

equation was: 

(2.6) 

P. -  14(1 + O.15c11d - O.425e/d) - 

b  - I+ 1Obd/Pjiez (2 .1) 

Once again this equation proved to be conservative for slabs with the hole 

pattern shown in Figure 2.9. 

H 
Figure 2.9: Hole Pattern not Applicable to Zaidi's Equation 

2.2.5 Paper by Roll, Zaidi, Sabinis and Chaung (ACT SP-30) 

This 1971 paper is the publication version of Zaidi's thesis with a few additions. 

Four series of tests are described. 
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L. Test series Al which is the data from series A of Zaidi's thesis. 

2. Test series A2, the data from series B of Zaidi's thesis. 

3. Test series B, 20 new slabs with # 3, ( inch), (9 mm) bars instead of 

2 bars as used in the previous two series. This increased the reinforcement 

ratio p to 2.53%. 

4. Series H, a series of 14 tests to determine the effect of 4 corner holes of varying 

size. The hole pattern is shown in Figure 2.10. 

t______ ___1 

Figure 2.10; 4 Corner Holes of Varying Size 

All the specimens were of the same type and size as the ones used in Zaidi's 

thesis. The method of reduction of b was the same one used by Zaidi. 
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The analysis in this paper resulted in 2 different equations. The first is Equation 

2.7, the one developed by Zaidi in his thesis. 

The second is a design equation developed for small values of   and as 
bdfj 

such "should not be used in the case of 4 large holes adjacent to the column face." 

P. 6.1 

bdfi 1 - 5.2bd f/Pjiez 
-- 0.23 Pf(ez  

bd 

2.2.6 Paper by Hawkins, Criswell and Roll (ACI SP-42) 

(2.8) 

This paper 111] is an analysis of previous work. No new specimens were tested. The 

section on perforated slabs begins with the presentation of the equation developed 

by Zaidi in his thesis. 

Roll noted that most of the specimens used to derive this equation had a c/d 

ratio of about 2.2. By looking at cases with varying c/d values Roll concluded that 

the c/d term should be flipped and the equation altered to the following form: 

- 14(1 - O.75d/c - 0.425e'd) 

bd/J - 1 - 10bdv7/Pfzz 
(2.9) 

Roll further hypothesized that if a nonsymmetric hole pattern were used the 

connection acts as if it were transferring moment. Thus c and not d, should be 

linked with e. Finally Roll states that if P.  is set to unity the specimen will 
Pflex 

reach its maximum flexural strength before its shear strength. Thus the prediction 

equation is reduced to: 

P. d  
— 4(1 +2.58 — - 3.3 e ) 

bdJ C C 

(2.10) 
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Or by rounding off to produce a reasonable lower limit. 

P d e 
= 4(1 + 2 - 3 

bdV1f,I C 

But not less than: 

4 
b 

(Perimeter for shear flow normal to the column) 

Where: 

d = The effective depth of the slab. 

= The concrete strength. 

c The side length of the loaded area. 

(2.11) 

(2.12) 

b = the length of the critical section measured at the column face minus the radial 

projections of the holes, as shown in Figure 2.7. 

e = The eccentricity of the centroid of b caused by nonsymmetric hole layout's 

defined by Figure 2.11. 

(Perimeter for shear flow normal to the column) = Defined by Roll as: "the length 

of the column perimeter within lines normal to each column face and tangent 

to the holes. For example, for Figure 2.8 a lower limit to P is l6cd fi " c 

2.2.7 Summary 

Each of the previous investigations present data collected on slabs with holes. Each 

then performs a statistical analysis on that data to derive a prediction equation 
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Cent roid 

Figure 2.11: Calculation of e: e = el ± e2 

for the punching shear strength of a laboratory specimen. The equations are n0t 

given any sort of logical basis. 

In the hopes of finding a logical model for punching shear, a second literature 

review was done. This time the punching shear strength of slab-column connetions 

without holes is investigated. 

2.3 Slab-Column Connections Without Vertical Holes 

2.3.1 Punching Strength of Reinforced Concrete Slabs 

In a paper presented in 1966 Yitzhaki states that there are two types of punching 

shear failure. One in which the flexural reinforcement fully yields, the second where 

failure occurs before full yielding of the reinforcement. 

For the first type of failure, he introduces the equation: 
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Putt = 8pfd2(i - 0.5p) 
(2.13) 

Yitzhaki states that the effect of the concrete strength is represented by the 

factor (i - 0.5p). 

For an "over-reinforced section" failure occurs when Ppun is attained. Ppu ,, is 

affected by the size of the column and is less than P. Yitzhakj introduces and 

pfy as "linearly independent multipliers" 'with constants that are "evaluated from 

available test data." Using these the second equation is presented. 

8(1 - O.5p)d2(149.3 - O.16pf)(1 + O.5) 
fc 

(Note that imperial units are used for this equation.) 

(2.14) 

2.3.2 Shear Strength of Continuous Plates 

In a paper presented in 1972 M.D. Vanderbilt 1OI draws three conclusions about 

the punching strength of slab-column connections. 

1. The shear strength is a function of the column shape, as well as size, with 

circular columns showing higher strength than square columns of equal pe-

riphery. This difference is attributed to stress concentrations at the corners 

of the square columns. 

2. Doubling the reinforcement resulted in only a modest increase in shear strength. 

3. None of the available equations or procedures proved to be satisfactory for 

predicting punching shear strength. 
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2.3.3 Shear Strength of Slabs: Basic Principle and Their Relation to 

Current Methods of Analysis 

In a paper presented in 1974 by Criswell and Hawkins 13J the following conclusions 

are drawn: 

1. "Most methods of analysis for ultimate shear strength fall into two broad 

groups. For one group, the strength is presumed to be governed primarily 

by the concrete strength and for the other by flexural effects. Because of the 

strong interaction of the shear and flexural effects, idealized models . . . are 

needed to provide methods of analysis that are conceptually realistic." 

2. The simply supported test specimens fail earlier than expected of a slab. A 

ductile failure is difficult to achieve with a test specimen. 

3. Not enough is known about the mechanisms of punching shear failures. The 

failures seem to be punching shear failures or flexural shear failures. "Future 

investigations should attempt to identify whether the more likely mechanism 

is primarily one of shear or flexure or if a division of failure modes is mean-

ingful." 

2.3.4 The Punching Strength of Slabs, A Flexural Approach Using 

Finite Elements 

The finite element model developed by Masterson and Long in their paper r141 is 

used in Long's subsequent publications. Its relevance is made clear in the review 

of those papers. 
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2.3.5 A Two Phase Approach to the Prediction of the Punching Strength 

of Slabs 

In this paper of 1975 [16] Long uses the idea that there are 2 basic modes of 

punching shear failure. 

1. The steel yields before the concrete fails. As a consequence the failure can 

be considered to be strongly influenced by flexural strength. 

2. The concrete fails before the steel yields. 

Flexural Punching Strength  

The yield line approach was found to be unsatisfactory for the following reasons: 

1. From inspection of the tested specimens it was evident that a full yield line 

pattern had not developed. 

2. Only the tension reinforcement right next to the column yields before punch-

ing. Blakey 61 concluded that punching occurs when a plastic hinge forms 

around the column periphery. 

3. Dowel forces in the reinforcement contribute 30% to the shear capacity. Thus, 

if a slab develops a full yield line pattern the failure load should be in the 

order of l.3Pijez. This correction overestimates the capacity of the specimen. 

The approach for the flexural mode is based on a lower bound elastic theory 

which allows for the development of local plasticity around the column periphery. 

The flexural punching capacity is predicted using: 
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PU1 = 1.30kM 

Where: 

1.30 accounts for the dowel action. 

kb relates the column load to the internal slab moment. 

M is the ultimate moment of resistance per unit width of the slab. 

(2.15) 

The constant kb is obtained from finite element work done by Masterson. 

kb =   0.255 -  1.17c/L 1 (L = 2.5s) (2.16) 

M is defined by the 1971 ACI code. The expression for flexural punching 

strength is: 

= pfd 2(1 - 0.59pf/f) 

(0.2 - 0.9c/L) 
(2.17) 

Shear Punching Strength  

Four assumptions are made about shear punching strength. These assumptions 

are based on design curves provided by Long [16]. 

1. .P 3 varies with (lO0p)° 25. 

2. P varies with (f)°4. However for the normal range of design strengths 

is adequate. 

1  
3. P, 3 varies with 0.75 --4c/L 
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4. The critical section is assumed to be at d/2 from the column face. 

Based on test data Long states that the final equation for shear punching 

strength is: 

-   

- 1.66(c + d)d(10Op) 25 \/ 2 18 

(0.75 ± q) ( 

In comparing predicted values to test values two areas of concern were noted 

by Long. 

• Correlation was bad for slabs with low values of pf/f (less than 0.1). This 

was probably due to a much more extensive yield line pattern developing 

than is assumed for the lower bound solution of the flexural mode formula. 

• Correlation was bad for slabs with high values of f. This is due to the use 

of VIT, instead of (f)° 4. 

2.3.6 Predicting the Punching Strength of Conventional Slab-Column 

Specimens 

This 1987 paper by Rankin and Long :241 extends the two phase approach by giving 

a more rational approach to the flexural mode of punching failure. 

Flexural Punching Strength  

A flexural punching failure can occur by one of three modes. For a lightly 

reinforced section a full yield line pattern will develop. For a heavily reinforced 

section, failure will occur due to localized compression failure of the concrete around 

the column. All other flexural punching failures fall between these extremes as 

shown in Figure 2.12. 
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L.: 

Localized Compression 

F-' 

Partial Yielding Full Yielding 

Figure 2.12: Three Cases for Flexural Punching Failure 

Full Yielding 

Using the yield line pattern shown in Figure 2.12 the load required is: 

Where: 

= kM 

k1 = 8( 0.172) 

(2.19) 

(2.20) 

Note that this is the same as the Pfjez used by Moe, Zaidi, Roll, etc. in their 

equations. It applies to simply supported laboratory specimens. 

Localized Compression Failure 

This type of failure occurs when a plastic hinge develops only at the critical 

section. This section is the periphery of the column. The ratio of 

kb 
P load applied to the column 

- = . . 

M internal moment at cr iti cal section 

is called the elastic moment factor. Long and Masterson developed the equation: 



28 

kb= 
0.255 - 1.17k 

This relationship has been improved by Long and Rankin to: 

1 

kb = [in (2.5s/c)' 
25 

(L = 2.5s) (2.21) 

(2.22) 

Partial Yielding  

The failure load in this case lies somewhere between the load causing localized 

compression failure and the load that causes full yielding. Thus a third constant, 

(kg), is introduced. 

P = kM (2.23) 

Long states that "kt can be closely approximated by linearly interpolating be-

tween the moment factor for full yielding k1, and the elastic moment factor kb." 

Figure 2.13 and Equation 2.24 define k. 

kt = k (k1 - k6)ri 

Slab Ductility  

The value of r/r3 is found from the following: 

ry M11, 
bal 

Where: 

(2.24) 

(2.25) 
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k,1 

ki 

0 

and: 

ry - Radius of Yield 
r. Radius of Slab 

Figure 2.13: Interpolation of k 

M = pfd2(1 - o.s9L c) 
f' 

1 

(2.26) 

iVibal = O.333fd2 (2.27) 

The moment factor for partial yielding is: 

kt = k1 - (k1 - kb)(jVlbal ) (2.28) 

Column Shape Factor 

This factor is to account for the stress factors found in and around the corners of 

a square column. Regan [19] has suggested that circular columns are 15% stronger 
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than square columns. Thus r1 = 1.0 for circular columns and 1.15 for square 

.columns. kt is altered one last time. 

kb M 
kt = kyj - (k 1 - rMba) 

And the expression for the flexural punching strength is set at: 

Pj = kM ≤ k6 Mb.1 
rf 

Shear Punching Strength  

This equation is the one developed by Long in his 1974 [16] paper. 

Pu8 = 1.66(c + d)d( 100p)°25Vf 
ct 

Note that the L-  term has been dropped. 

2.4 Discussion 

(2.29) 

(2.30) 

(2.31) 

The papers describing investigations of connections with holes seemed to follow 

the same format; in each case the authors fit an empirical equation to the test 

data. The literature on solid interior slab-column connections showed a general 

trend toward a two phase approach to punching shear strength. Two papers, one 

by Long, the other by Rankin and Long put forth and developed logical arguments 

for the prediction of punching shear strength. 



Chapter 3 

Suitability of Laboratory Specimen 

3.1 Introduction 

When examining interior slab-column connections full scale tests of multiple slab-

column systems are not usually done. High cost and shortage of lab space force 

one to look for a smaller, more economical type of test. 

Nearly all of the investigations considered in the literature review used the same 

type oflaboratory specimen. This specimen, a square slab with simply supported 

edges, was presumed to represent the area of a flat plate within the lines of con-

traflexure. In service such a flat plate would be subjected to a uniformly distributed 

load and a typical interior slab-column connection would be considered. 

Thus the previous experiments have all been based on the following assump-

tions: 

1. The lines of contrafiexure form a square about the column. 

2. The position of such lines are constant throughout the test. 

3. The deflection along such a line is uniform. (Although the corners of the test 

specimens were allowed to uplift.) 

In order to determine if these are valid assumptions a finite element analysis 

was performed under the following conditions. Consider the slab-column system 

of Figure 1.2 where the columns are spaced at 4.5 in o/c in both directions. 

31 
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If the load is considered to be uniformly distributed then a typical interior 

column can be isolated by the centrelines between the columns. Thus a slab 4.5 m 

by 4.5 m with a column stub in the centre can be examined. Because of symmetry 

only one quarter of the column and slab need be considered. If the column is 

assumed rigid then Figure 3.1 shows the boundary conditions that apply. 

y 
oy = 0 

bX 

& 

=0 

6y =0 

ox = 0 

Figure 3.1: Boundary Conditions for Quarter Panel Model 

3.2 Choice of Computer Program 

x 

Because of its pre and postprocessing capabilities the computer program ANSYS 

was chosen for the analysis. Since all of the tests in thelaboratory were carried 

up to the failure load of. the specimen it must be concluded that a linear elastic 
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analysis would not be satisfactory. The element chosen for the model was STIF6S, 

an 8 node brick element with a number of nonlinear capabilities. 

3.2.1 Element STIF65 

This element is called the 3-D Reinforced Concrete Solid and is capable of cracking 

in tension, crushing in compression and can model up to 3 separate groups of rein-

forcing steel. The element is defined by 8 nodes, each node having 3 translational 

degrees of freedom. The element material is reinforced concrete and the following 

linear and nonlinear material data is input: 

1. E the initial tangent modulus was set at 25000 MPa 

2. fel the specified compressive strength was set at 25 MPa 

3. The tensile cracking stress was set at 0.6Jii, in this case 3.0 MPa 

4. The shear transfer coefficient for an open crack was set at 0.25. In other 

words 0.25 of the shear would be transferred across a crack. 

5. The shear transfer coefficient of a closed crack was set at 0.75. 

6. The stress strain curve utilized the multilinear kinematic hardening option. 

This allowed for piecewise linear curve to be specified using the data points 

shown in Figure 3.2. 

7. The uniaxial crushing stress was set at the f value of 25 MPa 

8. The biaxial crushing stress was set to a default value of 1.2f = 30 MPa. 
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Stress Strain Curve 

For Concr.t 
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Figure 3.2: Stress-Strain Curve for Concrete 
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If the element contained reinforcing steel the the following material properties 

were utilized: 

1. The yield strength was set at 400 MPa. 

2. The initial elastic modulus was set at 200 CPa. 

3. The classical bilinear kinematic hardening curve was used with a second slope 

of 2 GPa as shown in Figure 3.3. 

Stress Strain Curve 
For Stool 

450 -  

400 

50 - 

300 - 

250 

00 
go 

200 
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100-

0 

0 
I I I I I I I-

0.002 0.004 0.006 o.00e 

Strain 
Figure 3.3: Stress-Strain Curve for Steel 

0.01 
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3.3 Design of Reinforcing Steel 

In order to proceed with the modelling the amount and placement of the reinforcing 

steel is required. The design was carried out following example 5.3 of the CPCA 

Concrete Design Handbook (22). Details of the design are placed in the appendix. 

3.4 Element Layering 

The design of the reinforcement called for both the positive and negative steels to 

be set 30 mm from the top and bottom surfaces of the 150 mm thick slab. The 

area of greatest interest is located next to the column. A couple of points need to 

be considered. 

1. The reinforcement is smeared throughout an entire element containing steel. 

2. The top of the slab is expected to crack extensively, rendering the concrete 

somewhat ineffectual. 

Consider a cross section of a concrete beam. Before cracking the entire depth 

of the section shown in Figure 3.4a is assumed to be acting to resist moment. 

However once the section is cracked the concrete in tension is ignored and only 

the concrete to a depth of c is assumed effective. 

The value of e depends on the material properties and changes as cracking 

progresses within the plate. To more accurately model the plate the compression 

zone should have more layers of elements than the tension zone. The elements 

in the tension zone will simply crack while adjacent to the compression zone the 

elements may or may not crack and if they do, the cracks may close up again. 
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(0 

C 

0 0 0 

ZONE 

S1 .TAXES ALL TENSION 

Figure 3.4: Section Before and After Cracking 

An element with a closed crack is assumed to have greater shear strength due to 

aggregate interlock. 

Figure 3.5 starts with the bottom of the slab as z = 0, the first layer, with no 

steel, was set at 15 mm thick. The second layer, centred on the positive steel was 

30 mm thick. The third layer is set at 45 mm thick and the final layer, centred on 

the negative steel was set at 60 mm thick. 

It was hoped that by minimizing the number of layers the overall run times 

could be reduced. 

3.5 Element Layouts 

Three separate element layouts, all representing solid slabs were run. The models 

were called the third, fourth and fifth models respectively. 

The third model is shown in Figure 3.6 and used 680 nodes and 512 elements. 

The smallest elements were 150 mm by 150 mm and as such would not allow for 

the input of holes next to the column. 

However this model could be run fairly quickly and gave some idea of the 
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'IRE OF NEGATIVE STEEL 

CENTREOFPOSMVESTEEL 

Figure 3.5: Element Layering 

/ 

Y 

Figure 3.6: Element Layout, Third Model 



39 

expected results. 

The fourth model used 830 nodes and 660 elements and is shown in Figure 3.7. 

The elements next to the column were 75 mm square and would allow for holes 

150 mm square in a pattern shown in Figure 3.8. 

/ 

V\A/ 
Y  

IT 

Figure 3.7: Element Layout, Fourth Model 

The fifth model allowed for the second band of wedge shaped elements to be 

moved further out from the column., It was hoped that this would eliminate any 

effect these elements might have on the position of the line of contraflexure. This 

model contained a total of 975 nodes and 784 elements and is shown in Figure 3.9. 
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Figure 3.8: Hole Patterns Investigated 
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Figure 3.9: Element Layout, Fifth Model 
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3.6 Run Times and Iterations 

The following table gives 

models. 

Model Total Number 
of Load Steps 

some of the statistics on the analyses run on the various 

Total Number 
of Iterations 

Approx. CPU 
Time/Iteration 

(mm.) 

Total CPU 
Time 
(hrs.) 

3 
4 
5 

32 
44 
30 

176 
418 
428 

3.7 Analysis of Slabs With Holes 

11 
15 
20 

32.3 
104.5 
142.7 

The first 3 runs established the procedure and the limits of the finite element 

analysis of a solid slab. The next three runs examined the effects of holes next to 

the column. 

Everything for these subsequent models remained the same except for the ele-

ment layout. The concrete and steel material properties, the layout of the reinforc-

ing steel and the element layering are all identical to the solid slab. The first hole 

pattern used is shown in Figure 3.10. The quarter panel model has the element 

layout shown in Figure 3.11. 

The nodes along the hole are allowed to move freely subject to the constraints 

of the column and/or symmetry. The holes are introduced by "unselecting" the 

appropriate elements. This means that such elements, and the steel they may 

contain, are not considered in the model. No steel was added to the surrounding 

elements. This makes the model a little weaker than it should be, as normally any 
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/ 

Figure 3.11: Element Layout Hole Pattern One 
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steel would be shifted over and not eliminated. 

3.8 Data Recorded 

The following groups of data were recorded: 

1. Load Deflection curves 

2. Position of the line of zero flexural stress 

3. Deflections along the line of zero flexural stress 

4. Deflections at various cross sections parallel to the x axis 

5. Shear cracking 

6. Reactions at the nodes in the slab-column connection 

3.9 Failure Criteria for the Model 

In an experiment in the laboratory, the failure of the specimen is generally obvious. 

The specimen collapses under load, the test is over. 

This is not the case for this computer simulation. One is forced to choose a 

failure criterion. For this model the failure criterion could be based on the following: 

1. Nonconvergence of one or more elements within a given number of iterations 

in one loadstep. 

2. Application of the load as determined by analysis using the design code. 
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3. Excessive deflections at midspan. 

4. Application of the ultimate load using yield line analysis. 

The decision as to which criterion to use is not always clear. 

Nonconvergence 

The ultimate strength is unknown at the start of the analysis. If the model does 

not converge at a very low load then it might be concluded that there is some 

problem or weakness within the model or the program. In this study there were 

no convergence problems except perhaps that the 10 loadsteps past 13.1 kPa each 

required an average of 25 iterations. Up to that point the average was about 9 

iterations per loadstep with a maximum of 17 iterations. Also the position of the 

line of zero stress had become rather erratic due to cracking so these results had 

become meaningless at a load of 19.1 kPa. 

Design Code Standards 

Using CAN3-A23.3-M84 as a guide the failure of the slab could be set at the 

minimum required load. The loading could also be stopped upon violation of 

serviceability requirements. 

For the design of the reinforcement within the slab the loads were set at 7.2 

kPa unfactored and 9.65 kPa factored. 

The code (Table 9-2, Pg. 54) [21 specifies that if immediate deflection due to 

a specified live load exceeds L/360 = 4.5/360 = 12.5 mm then the slab has failed 

through lack of serviceability. 
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Yield Line Analysis 

The following describes two methods for determining the flexural failure load using 

yield line analysis. 

Assume the flexural failure of the slab will be of the form shown in Figure 3.12. 

M,,, 

It,  

/ 

Figure 3.12: Yield Lines 

M 3 

!i'f1 (the ultimate moment of resistance per unit length) is calculated using 

the original design of the reinforcement. There are 8 number 10 bars spread over 

2.25 m, thus the area per metre of the positive steel is: 

8(100) mm 
A8— 2.25 m 

Recall that for a reinforced section: 

M =&A3 fl1cf(d — -i-) 

Where: 
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C = 0.85f/31b 

With the following numbers substituted in: 

d = 0.120 m 

b=1.Om 

A3 = 355 mrn2/m 

f = 400 MPa 

= 25MPa 

= 0.85 

Thus: 

M1= 16.6kNm 

From Figure 3.12 M1 is a sagging moment while Mu2 Mu3 and M4 are 

hogging moments. However there is no steel near the top of the slab from 0.25L 

to 0.5L. Therefore 

M 4 =0 

And the steel near the top of the slab close to the column is evenly distributed. 

Thus: 

= M3 
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In the negative steel region there are 7 number 10 bars in 1.125 m. Thus: 

A = 7(100) = 622 mm' 
1.125 m 

And: 

M u2 = 28.4 kN m 

Assuming the line AB of Figure 4.39 is displaced 6: 

Energy Dissipated 

= M r, 2(Proj. Length of Yield Line on Axis of Rotation) 

X (Rotation of the Segment about that axis) 

___ 26 
E=MUIL(L26) + Mu2()(L 

= 16.6(4.5)( ± 28.4(40)(  28 
4.5 - 0.3 26    4.5- 0.3 

= 35.66 ± 30.46 = 60.08 

External Work (uniform load q, see Figure 3.13) 

Work Done = W = >(Load)(Area of Segment) 

x (Displacement of Centroid of Segment) 

=2qA1 6 + qA2 8 

Where: 

A LL—cl 
2 

A2 =   
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L 
2 

Figure 3.13: Areas for External Work 

z 
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If: L = 4.5 rn and c = 0.3 m then: 

Thus: 

Equating: W = E 

A1 = 2.363 m2 A2 = 0.315 m2 

W = 3.256q6 

3.256q8 = 66.08 

Therefore according to yield line analysis failure can be expected to take place 

at a load of 20.3 kPa. 

Choice of Final Analysis Load 

The data recorded for the line of zero flexural stress was rather erratic at a load 

of 19.1 kPa. Yield line analysis gave a maximum load of 20.3 kPa. Serviceability 

deflections were not exceeded in either case. It was decided that the finite element 

analysis should be concentrated on the first 60% of a failure load. This gave a 

maximum load of (0.6)(19.1) 11.9 kPa. No load data was recorded for less than 

the self weight of the slab (3.5 kPa) although some of the load steps were less than 

3.5 kPa to avoid false cracking. The load steps were taken at 0.6 kPa intervals. 

3.10 Results 

3.10.1 Load Deflection Curves 

Readings were taken at the points shown in Figure 3.14. The deflections were 

affected by cracking within the slab. A significant amount of cracking between two 
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loadsteps produced results with a certain degree of nonlinearity as shown in Figure 

3.15. The holes in the slab did not affect the deflection readings. 

Y 

2. 

Figure 3.14: Points for Deflection Readings 

3.10.2 Position of the Line of Zero Flexural Stress 

The lines o = 0 and o' = 0 formed a rough square around the column about 

975 mm from the centre of the column. The holes did not significantly affect the 

position of these lines. 

Figure 3.16 shows the lines of zero flexural stress (Cr.,= 0) for two layers within 

the elements in layer one of the solid slab. These Iaers are separated by 15 mm. 

Figure 3.17 shows the effect of the hole in the three positions. All three patterns 

are based on a load of 11.9 kPa. 
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Figure 3.15: Deflection vs. Load for Model 5 
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LOADi. 11900 

Figure 3.16: Lines of Zero Flexural Stress, Solid Slab, 11.9 kPa 
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Figure 3.17: Lines of Zero Flexural Stress, Three Hole Patterns, 11.9 kPa 
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3.10.3 Deflections along Lines of Zero Flexural Stress 

These deflections, taken at the top surface of the slab, were virtually identical for 

each of the hole patterns. The results from Hole Pattern One are shown in Figure 

3.18. 

Deflections Along Lines of Zero Stress 

Parallel to Y axis, X = 975 mm 

5 

4 

3 

E 
1190 Pa 

2 

83.. Po 

I 

47 

0 

0 

I I I I I I I I I I 

0.4 0.8 1.2 1.6 2 24 

Figure 3.18: Deflections Along x = 975 mm, Hole Pattern One 
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3.10.4 Deflections Along Various cross Sections 

These deflections were not affected by the varying hole patterns. The deflections 

for Hole Pattern One are shown in Figure 3.19 and 3.20. The disturbing feature of 

these figures is that the points of contrafiexure are not all 975 mm from the centre 

of the column. In Figure 3.19 for y = 0 to 300 mm the point of contrafiexure is 

at about x = 350 to 400 mm. For the rest of the cross sections the point is less 

well defined but appears to be closer to x = 900 to 1000 mm. One would have 

expected the point of contrafiexure and the point of zero flexural stress, shown in 

Figure 3.17, to be in the same place. 

3.10.5 Flexural and Shear Cracking 

The progression of shear cracking was recorded for each of the sections shown in 

Figure 3.21. 

Only the sections at y = 16 and 91 mm were recorded for the solid slab. The 

shear cracking was affected by the holes, especially in the section at y = 91 mm. 

The cracking in this section is shown for the various hole patterns and various loads 

in Figures 3.22 to 3.25. The presence of the holes seems to increase the amount of 

cracking and alter the position of the cracks so that they are right beside the hole. 

A problem with the finite element analysis is evident from these figures. The 

horizontal cracks that form in the bottom of the slab should not be there. The 

tensile stress in this area should not be enough to produce cracking, yet for some 

reason it seems to be artificially high. 
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Figure 3.19: Deflections Along Various Sections, 11.9 kPa, Hole Pattern 1 
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z Defléctions 
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Figure 3.20: Deflections Along Various Sections, 11.9 kPa, Hole Pattern 1 
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y=9lmrn 

y=l6mm 

Figure 3.21: Sections for Flexural and Shear Cracking 
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Section at 91 mm 

6500 Pa 

10100 Pa 

8300 Pa 

11900 Pa 

Figure 3.22: Sequence of Flexure-Shear Cracking, Solid Slab 
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Figure 3.23: Sequence of Flexure-Shear Cracking, Hole Pattern One 
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y=9lmm 
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Figure 3.24: Sequence of Flexure-Shear Cracking, Hole Pattern Two 
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Figure 3.25: Sequence of F1exur-Shear Cracking, Hole Pattern Three 
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3.10.6 Reactions at the Column 

in this model the nodes at the slab-column joint are fixed. That is, no movement 

is allowed in any of the x,y or z directions. Consider the slab-column interface 

shown in Figure 3.26. 

Figure 3.26: Column-Slab Interface 

The connection is made up of a total of 25 nodes in 5 stacks at the coordinates 

shown in Table 3.1. The reaction in the z direction for each of the stacks at a load 

of 11.9 kPa is shown in Figures 3.27 to 3.30. The bulk of the load is carried at the 

corner of the column in each case. A hole close to the face of the column drives 

the peak load up slightly. 
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(mm) y (mm)  
0 150 
75 150 
150 150 
150 75 
150 0 

Table 3.1: Coordinates for Node Stacks at Column 
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Figure 3.27: Reactions at the Column, Solid Slab 
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Reactions at the Column 
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Figure 3.28: Reactions at the Column, Hole Pattern One 
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Reactions at the Column 

Hole Pattern 2. Load - 11900 Pa 

22 

20 

18 

16 

14 

z 
,12 

C 
0 10 

N 6 

4 

2 

0 

—2 

—4 

—6 

0 

X=150.Y75 

I 1 I I I I I I I I I i 1 

20 40 60 80 100 120 140 

Z (mm) 
+ 0, 150 75, 150 

150. 150 X 150. 0 

Figure 3.29: Reactions at the Column, Hole Pattern Two 
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Re.actions at the Column 

Hole Pattern 3, Load 11900 Pa 
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Figure 3.30: Reactions at the Column, Hole Pattern Three 
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3.11 Analysis and Discussion of Finite Element Results 

In order for reality to be correctly represented by a laboratory specimen the fol-

lowing must be true: 

1. The lines of zero flexural moment form a square around the column. 

2. The position of these lines is constant throughout the test. 

3. The deflections along these lines are uniform, or at least match the deflections 

of the test. 

Assumption 1. 

The main idea in choosing a simply supported specimen is: the simply supported 

edge represents the point where the bending moment in the slab is zero. At this 

point one would expect the following: 

• Thern curvature of the slab would be zero, this would be the point of eon-

trafiexure of the slab. 

• The flexural stresses in the slab would be zero. 

The results of the finite element analysis have shown that these two points are 

not always coincident. Along a section where y = 0 the point of contraflexure is at 

about x = 375 mm, while the point of zero flexural stress is at about 975 mm. 

The line of zero flexural stress forms a rough square around the column at 

about x = 975 mm or 0975 L = 0.22L. This is the assumption made for a simply 
4.0 

supported specimen, a square somewhere between O.2L and 0.25L. But for y = 0 

this line is not anywhere near the point of contrafiexure. 
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Restraint Conditions 

The boundary conditions for the model are such that the nodes at the column 

are allowed zero deflection and at the centreline of the slab the nodes are allowed 

zero translation. Consider the profile of the slab between the column and the 

centreline. The model restrains the section as shown in Figure 3.31. The tension 

force is needed to keeps the ends at a constant horizontal distance from each other. 

This tension could affect the position of the line of zero flexural stress. 

Figure 3.31: Restrainment of Finite Element Model 

Overall Effect 

The effect of the tension force could lead one to believe that the point at which 

the moment in the slab is zero lies between 375 and 975 mm (for y = 0). Recall 

however that for y = 600 mm-or greater the position of contraflexure and zero 

flexural stress agree at about x = 975 mm. Therefore if the position at y = 0 is 

an average value of about 675 mm then one ends up with a test specimen like the 

one shown in Figure 3.32. 

If only the line of zero flexural stress is considered then test specimens used 

thus far are adequate. 
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/ 'S 

/ 

5.. 

Figure 3.32: Possible Shape of Test Specimen 

Assumption 2 

The results over several load steps show that the position of the line of zero flexural 

stress did not change by more than 5% of the centre to centre span of the slab. 

Assumption 3 

The deflections along the lines of zero flexural stress were found to be nonuniform. 

This would indicate that the distribution of shear stresses along the line is also 

nonuniform. 

Recall that some of the past investigators, in describing their testing procedures, 

have made the following statement: The corners of the specimen were allowed to 

uplift. 

Consider a deflected laboratory specimen. (To match reality the specimen is 

shown with the column stub down, see Figure 3.33.) 

Along anedge of the specimen the reaction load must be distributed over the 

length that still touches the support (Figure 3.34). 

The shear stress along sections at x = 1.05 m and y = 1.05 m is shown in 
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Support 

Column Stub 

All Edges Simply Supported 

Figure 3.33: Deflected Laboratory Specimen 

m 
z Reaction 

0 (kN) 

Figure 3.34: Edge Reactions of a Specimen 
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Figures 3.35 and 3.36. The results are from the finite element analysis of Hole 

Pattern three at a load of 11.9 kPa. 
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Figure 3.35: Shear Distribution, x = 1.05 m, Load = 11.9 kPa 
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The points on the' graph do not give a smooth curve when averaged. The line 

x = 1.05 m is a border between two elements and the shear distribution is plotted 

for each of the layers of nodes within the model. The graph shows that the results 

for the levels at z = 0, 15 and 45 mm are reasonable. For the levels z = 90 and 150 

mm the results oscillate too much. 

Consider the line at z = 90 mm. The T2 are obtained from the integration 

points within the adjoining elements. The weighted average of those values gives 

the nodal value. Choose first the elements just inside (closer to the column) of the 

line x = 1.05 m, z = 90 mm. The elements in question are shown in Figure 3.37. 

This figure also shows the integration points to be considered. 
2: 

5 
355 

75 
359 

75 
363 

7 
6 

307 
86 

311 
86 

315 
8 y 

Figure 3.37: Elements and Integration Points Inside x = 1.05 m, z = 90 mm. 

The T2 values at these integration points are shown in Figure 3.38. 

149 307 1268 2 141 288 
315 397 1421 205 256 299 

Figure 3.38: Values, Inside x = 1.05 M. z = 90 mm. 

y 

Now choose the elements just outside (farther from the column) of the line 
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x = 1.05 in, z = 90 mm. Figures 3.39 and 3.40 show the elements and the 

corresponding values. 

356 
1 3 

360 364 
1 31 3 

2 4 

308 
2 42 4 

y 312 316 

Figure 3.39: Elements and Integration Points, Outside x = 1.05 m, z = 90 mm. 

105 193 157 14 25 235 
199 276 252 130 101 298 

Figure 3.40: 7 Values, Outside x = 1.05 in, z = 90 mm. 

y 

While these values do not seem to present any obvious pattern they do satisfy 

equilibrium. When all the shear stresses along the face x = 1.05 m are added up 

they equal the load placed on the area shown in Figure 3.41. 

The cause of the oscillation is not clear. There is some cracking in the upper 

elements, but not along the entire length of the line. The only differences between 

the upper and lower layers are their relative thicknesses and the reinforcing steel 

in the top layer. Since the average values of the nodal shear stresses do satisfy 

equilibrium one can speculate about the true shape of the average distribution. It 

is possible that the curve is an average of the oscillating curve. If this is true then 

some of the load is being carried all along the face x = 1.05 in. 
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Face at x= 1.O5m 

Figure 3.41: Area Considered for Equilibrium Check 

2.25 

Load q 
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Acceptance or Rejection of Test Specimen 

The finite element model has shown that there is some question as to the best 

shape for a test specimen. Even if a square specimen is acceptable, the deflection 

along the edge of the specimen should not be considered uniform. To obtain test, 

conditions which match the conditions in a floor slab, some acceptable kind of 

support system needs to be created which gives the required deflections. This 

would divert some of the load to the corners of the specimen. 

However there were problems with the finite element model itself. The forma-

tion of horizontal cracks near the bottom of the slab, the difference in the positions 

of the points of contraflexure and zero flexural stress and the erratic shear distri-

bution all undermine confidence in the model. Because of this the results from 

the laboratory tests cannot be rejected solely on the basis of this finite element 

analysis. - 



Chapter 4 

Examination of Prediction Equations 

4.1 Introduction 

The literature review of Chapter 2 revealed that many different prediction equa-

tions have been developed. Almost all are based on a statistical analysis of data 

gathered from tests on laboratory specimens. The laboratory specimens are all 

simply supported sections of slab with square column stubs. The model presented 

by Rankin and Long [24) is one of the few papers that gives a logical basis for 

prediction of punching shear strength. The aim of this chapter is to adapt this 

model to handle slabs with holes and compare the subsequent predictions to test 

results. Also three methods for reducing the critical section will be investigated. 

4.2 Application of Rankin and Long's Model to Slabs with 

Holes 

Any application of Rankin and Long's model to slabs with holes must be done 

for both the equation for flexural punching strength and the equation for shear 

punching strength. 

80 
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4.2.1 Flexural Punching Strength 

Consider the three cases for flexural punching shear failure shown in Figure 2.12. 

When a full yield line pattern develops the effect of the hole is minimal. This 

is because the reinforcement usually is not cut off through the hole, it is simply 

shifted over. Thus the resisting moment of the sections close to the hole increases, 

making up for any loss of flexural strength due to the hole. 

The equation for a localized compression failure is: 

kb = [in (2.ss/c)j1.5 

and was developed using finite element analysis [14]. Without doing further finite 

element study there is no way of knowing what the effect of holes on such an 

equation would be. It has been assumed that this constant is unaffected by the 

holes. 

For partial yielding the constant kt gives the point between k1 and kb at which 

the strength should be taken. This point is determined by the ratio: 

25 

- nominal flexural resistance  

Mbal - balanced resisting moment ( 
Both of the above values are per unit width. The effect of the- holes is to reduce 

IVIbal. 

Long gives Mbai as: 

Mba! = O.333fd2 

And states that it is based on the Whitney stress block. For sections with holes 

it is more convenient to use the total moments which are obtained by multiplying 

by b = 4c in the case of M and by b' for Mbal. 
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Consider the reinforced concrete section of width 6' shown in Figure 4.1. 

C 

ly 
Figure 4.1: Stress and Strain Diagrams 

d 

A51 

Note that for the following three equations "c" is the depth to the neutral axis. 

Assume: E. = 0.002 and e = —0.003 (compression) 

C - 0.003 
Therefore: - = = = 0.6 

d + & 0.005 

C = 0.85 fi31cb' = 0.85 f$1(O.6d)b' 

Mbal is the balanced moment around the column periphery. 

Substituting: 

Mb., = C(d - 

2 

= 0.85f81(0.6d)b'd(1 0120d.6d 

Mba! = 0.51(1 - 0.3 1)fl1fd2b' (4.2) 
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Mbal is proportional to b', the critical section at the column periphery, reduced 

by one of the methods introduced in the next section. The reduction of Mbal tends 

to drive kt toward kb (the constant for localized compression failure). 

M is taken as the total nominal resisting moment over the length b = 4c., 

(Note that in this case c is the side length of the column.) 

M = p fl, d2(i - O.59pf/f)4c 

4.2.2 Shear Punching Strength 

Recall equation 2.31: 

P. = l.66/d(c + d)(lOOp)°25 

= O.415V5d4(c + d)(lOOp) °25 

The critical section is taken at d/2, thus b0 = 4(c + d) and the prediction 

equation for shear punching failure takes the form: 

P = O.415/'dbo(1OOp)025 (43) 

The method to reduce b0 should be the same type that is used to reduce Y. 

Figure 4.2 shows the method to determine .P,, using the adapted model. 
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k1 = 8(s/(s - c) - 0.172) 

25  
kb - - (in 2.5s/c)'.5 

M = pfd2(i - 0.59pf/f'c)4c 

Mbal = 0.51(1 - 0.3I31)/31fd2b' 

k1 - (k1 - kb/rf)(Mfl/Mbaj) ≥ k, 

P1 = kMr <kbMbal 

k = 

Pvf>Pv3 - 

1 
Pp Pus 
(shear mode) 

Note 2.5s = L 

Specimen Data 

P, f, d I f 
C, ,b0 ,,131 

Pf : 

N 
P, > Puf 

PP = Puf 

(flexural mode) 

Figure 4.2: Method for Determining P Using Adapted Model 
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Lv'l 
C 

c + d 

bo = 4(c + d) - 

b'=4c—g2 

Figure 4.3: Radial Line Method 

4.3 Methods for Reduction of b 

Whether the critical section is at the column face or at d/2 the method of reduction 

of b should be the same. Three methods will be presented here and used for 

comparison later. 

Radial Line Method 

This is the method currently used by the Canadian design code [211. Lines are 

drawn from the centre of the loaded area (the column) to points where these lines 

are tangent to the opening as shown in Figure 4.3. 

Note that with this method, for a hole inside the critical section, the length 

that is ignored is wider than the hole itself. It is believed that this is one of the 

two basic flaws of this method. The other is that no matter how far the hole is 
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from the column, it is always required to have some effect on the shear strength. 

Clause 11.10.6 of the Canadian design code [21] states that any hole within the 

column strip must be considered when calculating the punching shear strength.) 

60 Degree Wedge Method 

This is a new method, initially suggested by R.E. Loor that calls for two tangent 

lines to be drawn around the opening. These lines are subtended by a 60 degree 

angle as shown in Figure 4.4. As well, the lines stop at the tangent points and 

then continue back along the edge of the hole or straight back at 90 degrees to the 

column face. 

'3' 

0 

0 

= 4(c+d) - 

b'=4c—g2 

Figure 4.4: 60 Degree Wedge Method, Hole on Centreline 

Normally the centreline of the wedge is drawn at right angles to the column face. 

However when a hole approaches the corner of a column the following guidelines 

apply. 

Consider a corner of a column ABC of angle 0 with line DE drawn bisecting 
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the angle shown in Figure 4.5. 

Figure 4.5: Arbitrary Column Corner 

As the hole approaches the corner from the left the wedge is drawn at 900 to 

face AB. When the apex of the wedge contacts line DE the wedge is assumed to 

progressively swing around until it is 900 to face BC. From there it continues on 

at right angles to face BC as shown in Figure 4.6. 

90 Degree Wedge Method 

This method has the same guidelines as the 60 degree wedge method except 

that the angle subtended at the apex of the wedge is 90 degrees. 

4.4' Comparison With Test Results 

The comparisons are with test results obtained from Moe, Zaidi and Roll. All three 

used only square columns in these particular tests. 

The hole patterns tested by Moe are shown in Figure 2.1. Hole layouts used by 

Zaidi and Roll can be determined by the labels of the corresponding test specimens. 



88 

C 

Figure 4.6: Reduction for Holes Near Column Corner 

Zaidi and Roll both used the same scheme when labelling their slabs. Each label 

is made up as follows: 

S—BCD—E—F—G 

Where: 

S= Square, the shape of the hole. 

B= Type of hole layout, 1 indicating a hole on the centreline of the column. 2 

indicating a hole off the corner of the column. 

C= Size of the hole in inches. 

D= The number of holes. 

E= The type of reinforcement layout as shown in references 8] and/or 9}. 

F= Distance to the hole from the column in inches. 
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P,,/PR Values 

Radial Line 60 Wedge 90 Wedge 

Hole Pattern Average Variance Average Variance Average Variance 

Centreline 
Symmetrical 1.48 0.03 1.26 0.03 1.26 0.03 

Centreline 
Nonsymmetrical 1.26 0.02 1.21 0.02 1.21 0.02 

Corner 
Symmetrical 2.08 0.39 1.65 0.16 1.20 0.05 

Corner 
Nonsymmetrical 1.31 0.08 1,22 0.04 1.03 0.01 

Table 4.1: Comparison of Various Methods for Hole Reduction, Using Adapted 
Prediction Equation 

G= Number of the slab tested for each type. 

Tables in Appendix B list the input data required for the adapted prediction 

equations for each of the categories. The predicted values (Pr) are compared to the 

test strengths (Pa) in each case. Table 4.1 shows the average value and variance 

of P. for each of the categories of hole patterns using the adapted prediction 
PP 

equations. 

4.4.1 Results Using Adapted Equations 

Long and Rankin 24] achieved an average TP value of 1.19 with a variance of 

0.11 for slabs without holes. Table 4.1 shows that the radial line method is too 
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conservative for each category. By comparison the 60 and 90 degree wedge methods 

produce good results. Note that for holes on the centreline of the column the 60 and 

90 degree methods are nearly the same. For the particular specimens examined, 

including the one shown in Figure 4.7, the angle at the apex of the wedge rarely 

made any difference. The advantage of the 90 degree method is most obvious for 

the corner-symmetric hole patterns. While this type of hole pattern is not likely 

to occur in practice it does provide some indication of the flaws in the radial line 

method. 

C+G 

V 

4' 

C 

- 

W 

v' 
60° Wedge 

90° Wedge 

1 

W 
Figure 4.7: Typical Reduction of Centreline-Symmtrical Specimen 

Comparisons were also made using the Canadian design code equation. This 
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P/P Values 

Radial Line 60 Wedge 90 Wedge 

Hole Pattern Average Variance Average Variance Average Variance 

Centreline 
Symmetrical 1.64 0.12 1.31 0.05 1.31 0.05 

Centreline 
Nonsymmetrical 1.26 0.05 1.16 0.03 1.16 0.03 

Corner 
Symmetrical 2.37 0.53 1.88 0.23 1.18 0.04 

Corner 
Nonsymmetrical 1.50 0.15 1.38 0.09 1.15 0.05 

Table 4.2: Comparison of Various Methods for Hole Reduction, Using Design Code 

Prediction Equation 

equation uses only one b value, namely b0 which is measured at d/2. Clause 11.10.6 

of the code predicts the following capacity for square columns: 

Pp = 0.4&Afj bod (4.4) 

In order to make comparisons to test results 0, is set to 1.0 and \ = 1.0 (normal 

density concrete). Tables listing the parameters for the equation are included in 

the Appendix B. Table 4.2 gives a summary of the averages and variances for each 

category. 
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4.4.2 Results Using Code Equation 

Once again the radial line method proves to be too conservative. If one hopes to 

achieve an average j of 1.20 (to match the resu lts obtained for solid slabs) then 

the correct method to use is the 90 degree wedge. In each of the categories the 
P. 
PP values for this method are close to 1.20 and the variances are small. Only for 

the centreline-symmtrjcal holes patterns is the average a little high. This category 

consisted of 10 specimens and two high results for Roll's B series pushed the 

average up. This series had high values of p (2.53%). 

Graphical Comparison of Results 

Figures 4.9 and 4.10 show P./PP values for the adapted equation, using the radial 

line and 90 degree wedge methods respectively. The points that are furthest above 

P./PP = 1.0 in both cases are slabs with S-244-9-0-2 hole patterns shown in Figure 

4.8 with 4 corner holes. 

Column 

Figure 4.8: Worst Case Hole Pattern 
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Corner - Symmetric Holes 
Long's Prediction Equation 
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Figure 4.9: Corner - Symmetric, Radial Line Method, Using Adapted Equation 

The graphs show that the 90 degree wedge method reduces the scatter of the 

data significantly. 

Compare Figures 4.10 and 4.11. Both figures use the 90 degree wedge method, 

one with the adapted equation and the other with the code equation. The pattern of 

the data is changed because the code equation does not consider flexural punching 

failures. - 
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Corner - Symmetric Holes 
Long's Prediction Equation 
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Figure 4.10: Corner - Symmetric, 90 Degree Wedge Method, Using Adapted Equa-
tion. 
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Corner - Symmetric Holes 
Canadian Code Equation 
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Figure 4.11: Corner - Symmetric, 90 Degree Wedge Method Using Code Equation 
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4.5 Summary 

A method was developed for adapting Rankin and Long's model to incorporate 

slabs with holes. The flexural punching strength equation is altered by reducing 

Mb,,, using the critical section Y. This critical section is reduced using one of the 

methods desribed in Section 4.3. The shear punching strength equation uses a 

critical section at d/2 from the column. This section, be., should be reduced the 

same way as Y. 

The results are tabulated so that comparisons can be made. Figures 4.8 to 4.10 

compare the radial line method to the 90 degree wedge method and the adapted 

equation to the code equation. 



Chapter 5 

Summary and Conclusions 

5.1 Restatement of Problem 

Given an interior slab-column connection with a square column and equal spans in 

both directions: 

1. What is the punching shear strength of the connection? 

2. What are the effects of holes through the slab, close to the column, on that 

strength? 

5.2 Summary 

In examining these questions the following steps were taken: 

Literature Review This is a review of of research done on slab-column connec-

tions both with and without holes. 

Suitability of Laboratory Specimen A typical interior column was isolated at 

the centrelines between the columns. Because of symmetry only one quarter 

of the column and slab were considered. It was hoped that a finite element 

analysis would help determine the validity of the simply supported laboratory 

specimen. 

97 
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Examination of Prediction Equations A model presented by Rankin and Long 

1241 is adapted to handle slabs with holes. Three methods of reducing the 

critical section are examined. The model is also compared to the equation 

currently used in the Canadian design code 121. 

5.3 Conclusions 

Literature Review 

The investigators of slabs with holes have used many methods to reduce the critical 

section. None of these equations gives a reliable estimate of the punching strength. 

The trend in the studies of slab-column connections with no holes was toward 

a two phase approach. Rankin and Long proposed a logical model [24] which they 

claim gives better results than other equations for slabs with no holes. 

Suitability of Laboratory Specimen 

The finite element analysis showed that the laboratory specimen may not be the 

correct shape and that there may be some problems with the assumed support con-

ditions; however there were some problems with the finite element model. Because 

of this the results were not conclusive enough to reject the data obtained using the 

laboratory specimen. 

Examination of Prediction Equations 

Of the three methods outlined for reducing b the 90 degree wedge method proved 

to be the best. It is recommended that this method replace the radial line method 

currently used in the Canadian design code. 
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Comparison showed that the prediction equations proposed by Long and Rankin, 

.adapted for slabs with holes, are better than the equation presently used by the 

Canadian design code because they provide a logical basis for punching shear. 
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Appendix A 

Design of Reinforcing Steel 

The design 'was carried out following example 5.3 of the CPCA Concrete Design 

Handbook [22]. References in brackets refer to Design of Concrete Structures for Buildings 

(CAN3-A23.3-M84). 

Problem  

Design the slab reinforcement layout for a typical upper story floor in an office 

building. 

Loadings  

(Based on Table 1.13 of the CPCA handbook.) 

Uniformly distributed live load: 2.4 kPa 

Additional dead load, assume 1.3 kPa 

Dimensions  

Given: 

. Columns spaced 4.5 m on centre. 

• d.150 m slab thickness. 

• 0.3 x 0.3 m column dimensions. 

• f=25MPa 

• f=400MPa 

105 
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Factored Load 

Self weight 2400(0.150)(9.81)/1000 = 3.53 X1.25 = 4.42 kPa 

Additional dead: 1.3 x 1.25 = 1.63 kPa 

Live load: 2.4 xl.5 = 3.6 kPa 

Total unfactored load 7.23 kPa. 

Total factored load 9.65 kPa. 

Preliminary Shear Capacity  

Assume #10 bars to be used. (Although the nominal diameter is 11.3 mm 

assume 10 mm for simplcity.) 

Therefore: d = h - bar - cover 

d = 150 - 10 - 20 = 120 mm 

c+d=300+120420mm 

Vf=wf(l 2 —(c+d)') 

= 9.65(4 .52 - 0.4202) = 193.7 kN 

yr 

= 0.4(0.6)N/2-5(4)(420)120 = 241 kN 

- = 1.24 
VI 

Preliminary shear check okay. 
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Design Moments  

Column strip widths: 2(1/4) = 2.250 m (13.2.1) 

Middle strips: Remainder of strip. 

Solution Using the Direct Design Method  

Limitations (13.6.1) 

All limitations satisfied. 

Moments at critical sections: (13.6.2 & 13.6.3) 

M0 = (w1 x 1O)l21 'N -mm 
8 

(9.65 x 10_3)4500(4200)2 

8 

95.8 x 106 N . mm 

(13.3) 

Figure A.1: Column and Middle Strips 

U 



108 

1(c = 300) 

M0 (Eq.13.3) 

% M(13.6.3) 

MDes 

4200 

95.8 

65 35 65 

62.3 33.5 62.3 

MM 

.3 .c_ 

Figure A.2: Moments at Critical Sections 

Wj 

Pa - - 

Wi 
(unfactored) 

= 3.53 + 1.3 = 2.013 > 2.0 
2.4 

(13.6.10) 

No modification for pattern loading. 

Column design moments at interior supports. (13.6.9, Eq. 13-4) 

1 1 
= 0.07((wdf + 0.owij)l21 - wdf12(l fl)) 

= 0.07(0.5) (3.6) (4500) (4200)2 = 10.0 x 106 N . mm 
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Choose Reinforcement  

Assume #10 bars 

d= 120 mm 

% of design moment that goes into column strip: 

at interior supports, (13.6.4.1) 75% 

at midspan, (13.6.4.4) 60% 

At Interior Supports  

M1 = 62.3(0.75) = 46.7 x 10 N mm 

Assume: d - = 0.9d = 108 mm 

M 1 46.7 
= 1272 mm A3 

3f(d—) = 0.85(400)(108) 

Try 14 #10 bars, A3 = 1400mm2 

Mr = q3fA3(d cbsfvAa) 
&f 1.7b 

= 0.85(400)(1400)(120 - 0.85(400) (1400) 53.2 x 106 N . mm 
0.6(25)(2250)(1.7) =  

> 46.7 X 106 N . mm 

Use 14 #10 bars. 

Interior Supports, Middle Strips  

M f = 0.25(62.3) = 15.6 x 106 N . mm 

A3 
15.6  

= 425 mm  
0.85(400)(108)  
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Try 6 #10 bars, A3 = 600 mm2 

) Mr = 0.85(400)(600)(120 0.85(400)(600)  
0.6(25)(2250)1.7 

= 23.7 x 106 N mm> 15.6 

Check Spacing: s =   2250 = 375 mm > 2h = 300 mm, no good. 

Need to use at least 8 #10 bars. A3 = 800 mm 

Positive Moment Reinforcement  

Maximum spacing of 300 mm governs for both the column and middle strips. 

Use #10 bars spaced at 300 mm. 

Shear Moment Transfer 

Because of symmetry the moments are balanced. 

M 1 = M 2 = M1 = 0.07[0.5(3.6) (4800) (4500)2] = 10.0 x 106 N . mm 

dv = 120 mm 

k = = = 4.96 x 10_6 
bod 4(300 ± 120)(120)  

1  
"Iv' 2 420 =0.4 

ci+d 420 
C '= 210 mm 

2 2 

(ci + d)d3 + (ci ± d)3d (c1 + d)2 (C2 + d)d  
6 6 + 2 

= 420(120) + (420)3 (120) ± 120(420)(3)' 
= 6.048 x 109 

6 

"IV C' 0.4(210)  = 13.9 x i0 
k1= 1 6.048x109 
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VI = wjl(Total area) -, (area within critical section)] 

'V1 = 9.6514.52 - (300 + 120)2] = 193700 N 

v1 = V1k + M 1 k1 = 193700(4.96 x 106) + 10.0 x 106(13.9 x i0) 

= 1.10 MPa 

Vr = 0.4&A/7 = 0.4(0.6)/ = 1.2 MPa> 1.10 

Moment Transfered by Flexure (13.3.3)  

•1f = 0.6 (c1 = c2) 

Moment transfered by flexure = 0.6(10.0) = 6 x 106 N . 

MM 

Effective transfer width c2 + 3h = 300 + 450 =750 mm 

6 x 106  
A3 = = 148 mm  

0.85(400)(120)  

(A3) provided = 750 (1400) = 466 mm  
2250 

Space bars uniformly in the column strips. 

N.B. The computer model assumes perfect bond between the steel and the 

concrete. Thus no development length is added in this case, all bars are cut off 

at some appropriate place. Because of symmetry, the steel in both the x and 

y directions is the same The layout is shown in Figure A.2. The positive steel is 

placed between x = 1200 mm and x = 2250 mm. The design called for the positive 

steel to begin at about 1050 mm. This error allowed for some flexural cracking to 

occur in the bottom of the slab, but only at the higher load levels. For the range 

considered (4.7 kPa to 11.9 kPa) no cracking occured. 
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Steel Centred on: 

0 

12Omz=30mm 

4-no BARS 4-lo BARS 

z=120mm 

7410 BARS 

z = 30 mm 

4-410 BARS 

O 

CoLL&mN 

22.15'0 

Figure A.3: Quarter Panel Reinforcing Steel, x Direction Only 

Z cooR1?Ams 
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Tables and Figures for Prediction Equations 
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SLAB 

Radial Line 

)-loie patterns square - centreline - symmetrical 
Serie f'c bo b' b d rho fy m c 

in in mm % kmi MPa mm mm MPa in mm 

Reduction Method 

H3 Moe 2:3.7 41.0 1,041 30.0 40.0 114 1.15 47.5 328 1,829 254 
H6 Moe 28.4 26.0 660 20.0 40.0 114 1.15 47.5 328 1,829 254 

S-122-0-0-1 A-i 28.5 16.4 417 12.0 16.0 46 1.15 52.0 359 737 102 
-2 A-i 27.0 16.4 417 12.0 16.0 46 1.15 52.0 359 77 102 

S-124-0-01 A-i 28.0 10.4 264 8.0 16.0 46 1.15 52.0 359 77 102 
-2 A-i 30.5 10.4 264 8.0 16.0 48 1.15 52.0 359 737 102 

9-122-0-01 B 29.8 16.4 417 12.0 16.0 46 2.53 63.2 436 737 102 
9-124-0-01 B 30.2 10.4 264 8.0 18.0 46 2.53 53.9 372 737 102 
9-122-0-0-1 A-2 29.8 16.4 417 12.0 16.0 39 1.34 36.4 251 737 102 
9-124-0-0-1 A-2 29.3 10.4 264 8.0 16.0 59 1.34 36.4 251 737 102 

60 Degree Cone Reduètion Method 

H3 Moe 23.7 46.0 1,168 30.0 40.0 114 1.15 
H6 Moe 28.4 38.0 914 20.0 40.0 114 1.15 

S-122-00-i A-i 28.5 18.4 467 12.0 16.0 46 1.15 
-2 A-I 27.0 18.4 467 12.0 16.0 46 1.15 

S-124-0-01 A-I 26.0 14.4 366 8.0 16.0 46 1.15 
-2 A-I 30.5 14.4 366 8.0 16.0 46 1.15 

S-122-001 8 29.8 16.4 467 12.0 16.0 46 2.53 
S-124-C)-01 B 30.2 14.4 366 9.0 16.0 46 2.53 
S-122-001 A-2 29.9 18.4 467 12.0 16.0 39 1.34 
9-124-0-0-1 A-2 29.3 14.4 366 8.0 16.0 39 1.34 

90 Degree Cone Reduction Method 

H3 Moe 23.7 46.0 1,168 30.0 40.0 114 1.19 

H6 Moe 28.4 36 .0 914 20.0 40.0 114 1.15 
S-122-0-0- 1 A-I 28.5 18.4 467 12.0 16.0 46 1.15 

-2 A-i 27.0 18.4 467 12.0 16.0 46 1.15 
S-124-0-01 A-i 28.0 14.4 366 8.0 16.0 46 1.15 

-2 A-i 30.5 14.4 366 8.0 18.0 46 1.15 
S-122-00-1 B 29.8 18.4 467 12.0 16.0 46 2.53 
S-124-0-01 B 30.2 14.4 366 8.0 16.0 46 2.53 
9-122-0-0-i A-2 . 29.8 18.4 467 12.0 16.0 39 1.34 
S-124-0-01 A-2 29.3 14.4 366 8.0 16.0 39 1.34 

47.5 328 1,829 254 
47.5 328 1,829 254 
52.0 359 737 102 
52.0 359 737 102 
52.0 359 737 102 
52.0 359 737 102 
63.2 436 737 102 
53.9 372 737 102 
36.4 251 737 102 
36.4 251 737 102 

47.5 328 1,829 254 
47.5 328 1,829 254 
52.0 359 737 102 
52.0 359 737 102 
52.0 359 737 102 
52.0 359 737 102 
63.2 436 737 102 
53.9 372 737 102 
36.4 251 737 102 
36.4 251 737 102 

Table B.1: Centreline - Symmetric Holes, Input Data 



square - centrel ine -- symmetric al 
SLAB kyl kb Mb Mh1 ktl kt 

kN rn/rn kN rn/rn 

Radial Line 

H3 7.91 5.09 44.3 74.4 5.83 5.83 
Hb 7.91 5.09 45.1 59.6 5.27 5.27 

S-122-0--0--1 7.91 5.08 8.0 14.6 6.00 6.00 
- 7.91 5.08 7,9 13.8 5.91 5.91 

S-124--0-0-J. 7.91 5.08 8.0 9.6 5.00 5.08 
- 7.91 5.08 8.0 10.4 522 5.22 

S--122-0--O--i 7.91 5.08 18.2 is.:; 374 5.08 
8-124-0-0-1 7.91 5.08 :U.2 io.: 2.41 5.08 
S-1220-0-1 7.91 5.08 4.8 11.0 6.39 6.39 
S--124•-0--0--:1 7.91 5.08 4.8 7.2 5,59 5.59 

) Degree Co 

-1:3 7.91 5.09 44.3 74.4 5.83 5.83 
7.91 5.09 45.1 59.6 5.27 5.27 

S--122--0-0--i 7.91 5.08 8.0 14.6 6.00 6.00 
--2 7.91 5,08 7.9 1:3.8 5.91 5.91 

S--124--0-0'-1 7.91 s.oe s,o 9.6 5.00 5.08 
'-'2 7.91 5.08 8.0 10.4 5.22 5.22 

• 7.91. 5.08 18.2 15.3 3.74 5.08 
8-124-0--cD--i 7.91 5.08 1.2 10.3 2.41 5.08 
S-122-"O--O--i 7.91 5.08 4.8 11.0 6.39 6.39 
S-124--0--0--i 7.91 5.08 4.8 7.2 5.59 5.59 

90 Degree Co 

7 .91 5.09 44,7; 74 .4 5.83 5.83 

7 .91 I 4 5 . 1  c'' ' '-'-

7 .L 5.09     .J • L .J • .. / 5 . 27 

S-?22--0--0--1 7.91 5.08 8.0 14.6 6.00 6.00 
-2 7.9? 5.08 7.9 13.8 5.''i 5.91 

: 
S-122-0-'O--1 7.91 5.08 18.2 15.3 3.74 5.08 
8-124-0-0-1 7.91 5.08 16. 2 1.0.3 2.41 5.08 
S-i,$2--0-0-? 7.91 5.08 4.E3 11.0 6.39 6.39 
S--124--0-0-1 7.91 5.08 4.8 7.2 5.59 5.59 

Table B.2: Centreline - Symmetric Holes, Constants 



square - centreline - symmetrical 
SLAB Pvf1 Pvf2 Pvf Pvs Pp Pu Pu/Pp 

Radial Line 

H3 
146 

9-122-0-0--i 
-2 

9-124-0-0-1 

9-122-0-0-1 
S-124-0-0-1 
9-122-0-0-1 
S-124-0-0-i 

60 Degree Co 

H3 
H6 

9-122-0-0-1 
-2 

S-124-0-0-1 

9-122-0-0-1 
9-124-0-0-1 
S-122-0-0-1 
9-124-0-0-I 

RN kN kN kN 

258.77 
237.90 
47.88 
46.88 
40.46 
41.89 
92.60 
82.47 
30.51 
26.68 

329.3 
263.7 
64.5 
61.1 
42.2 
46.0 
67.4 
45.6 
48.5 
31.8 

258.8 
237.9 
47.9 
46.9 
40.5 
41.9' 
67.4 
45.6 
30 .5 
26.7 

248.1 
172.5 
44.0 
42.8 
27.6 
28.8 
54.7 
35.0 
39.6 
24.9 

Average 

Std. Dev. 

Variance 

RN RN 

248.1 325.0 
172.5 246.0 
44.0 59.6 
42.8 53.8 
27.6 4C).0 
28.8 45.8 
54.7 75.3 
35.0 67.4 
30.5 44.5 
24.9 40.9 

258.77 329.3 258.8 278.4 258.8 325.0 
237.90 263.7 237.9 238.8 237.9 246.0 
47.88 64.5 47.9 49.3 47.9 59.6 
46.88 61.1 46.9 48.):) 46.9 53.8 
40.46 42.2 40.5 38.3 38.3 40.0 
41.89 46.0 41.9 39.9 39.9 45.8 
92.60 67.4 67.4 61.4 61.4 75.3 
82.47 45.6 45.6 48.4 45.6 67.4 
30.51 48.5 30.5 44.4 30.5 44.5 
26.68 31.8 26.7 34.5 26.7 40.9 

90 Degree Co 

143 
H6 

5-122-0-0-1 
-., 

S-124-0-0-1 
-, 

9-122-0-0-1 
S-124-0-0-1 
S-122-0-0-1 
S-124-0-0-1 

Average 

Std. Dev. 

Variance 

1.31 
1.43 
1.36 
1.26 
1.45 
1.59 
1.38 
1.93 
1.46 
1.64 

1.48 

0. 19 

0.03 

1.26 
1.03 
1.24 
1.15 
1 .05 

1.15 
1.23 
1.48 
1.46 
1.53 

1.26 

C) • 17 

0.03 

259.77 329.3 258.9 278.4 258.8 325.0 1.26 
237.90 263.7 237.9 238.8 237.9 246.0 1.03 
47.88 64.5 47.9 49.3 47.9 59.8 1.24 
4&.88 61.1 46.9 48.0 46.9 53.9 1.15 
4C).46 42.2 40.5 39.3 38.3 40.0 1.05 
41.89 46.0 41.9 39.9 39.9 45.8 1.15 
92.60 87.4 67.4 61.4 61.4 75.3 1.23 
82.47 45.6 45.6 49.4 45.6 87.4 1.48 
30.51 48.5 30.5 44.4 30.5 44.5 1.46 
26.68 31.8 26.7 34.5 26.7 40.9 1.53 

Average 1.26 

Std. Dev. 0.17 

Variance 0.03 

Table B.3: Centreline - Symmetric Holes, Predicted Values 
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SLAB 
Hole patterns square - centreline - nonsycnmetrjcal 

Series Uc fc bo b' b d rho 
fy 

psi MPa in mm in in mm Y. ksi MPa mm mm 

Radial Line Reduction Method 

H2 Moe 3620 25.0 48.5 1,232 35.0 40.0 114 1.15 50.0 345 1,829 254 
H4 Moe 3730 25.7 41.0 1.041 30.0 40.0 114 1.15 52.0 359 1,829 254 
H5 Moe 3620 25.0 33.5 851 5.0 40.0 114 1.15 51.0 352 1,829 254 
H9 Moe 3490 24.1 50.7 1,288 36.2 40.0 114 1.15 50.0 345 1,829 254 
Hi0 Moe 3620 25.0 51.9 1.318 37.2 40.0 114 1.15 50 .0 345 1,829 254 
Hil Moe 3780 26 .1 52.6 1,336 37•7 40.0 114 1.15 50.0 .345 1.829 254 
H14 Moe 3800 26.2 48.5 1,232 35.0 40.0 114 1.15 40.0 276 1.929 254 
HiS Moe 3390 23.4 48.5 1,232 33.0 40.0 114 1.15 45.0 310 1,829 254 
S-121-0-0-i A-I 4140 28.5 19.4 493 14.0 16.0 46 1.15 52.0 359 737 102 

-2 4-1 3920 27.0 19.4 493 14.0 16.0 46 1.15 32.0 359 737 102 
51220-0-la A-i 4070 28.1 16.4 417 12.0 16.0 46 1.15 52.0 359 737 102 

-2a A-I 3770 26.0 16.4 417 12.0 16.0 46 1.15 52.0 359 737 102 
5-123-0-0-1 A-i 4060 28.0 13.4 340 10.0 16.0 46 1.15 52.0 359 737 102 

-2 4-1 4420 30.5 13.4 340 10.0 16.0 46 1.15 52.0 359 737 102 
5-121-1-0.9- A-i 4090 28.2 21.2 538 14.6 16.0 46 1.15 52.0 359 737 102 

-2-1.8- A-i 4260 29.4 21.7 551 15.0 16.0 46 1.15 52.0 359 737 102 
-3-2.7- A-i 4910 33.9 21.9 556 15.1 16.0 46 1.15 52.0 359 737 102 

-4-3.6- A-i 4910 33.9 22.2 564 15.3 16.0 46 1.15 52.0 359 737 102 
-5-4.5- A-i 4540 31.3 22.3 566 15.4 16.0 46 1.15 52.0 359 737 102 
-6-5.4- A-i 4220 29.1 22.5 572 15.3 16.0 46 1.15 52.0 359 737 102 

S-121-0-0-j 8 4530 31.4 19.4 493 14.0 16.0 46 2.53 53.3 367 737 102 
-2 8 4240 29.2 19.4 493 14.0 18.0 48 2.53 54.3 374 737 102 

5122-0-O-ia 9 4380 30.2 18.4 417 12.0 16.0 46 2.53 31.9 .358 737 102 
S-i23-0-0-1 8 4240 29.2 13.4 340 10.0 18.0 46 2.53 34.1 373 737 102 
9-121-0-0-i 4-2 4160 28.7 19.4 493 14.0 16.0 39 1.34 36.4 251 737 102 
9122-0-0-ia 4-2 3770 26.0 16.4 417 12.0 18.0 39 1.34 32.0 .359 737 102 
8-123-0-0-1 4-2 4250 29.3 13.4 340 10.0 16.0 39 1.34 52.0 359 737 102 
5-121-1-0.9- 4-2 3740 23.8 21.2 538 14.6 16.0 39 1.34 32.0 339 737 102 

-2-1.8- 4-2 3740 25.8 21.7 351 13.0 16.0 39 1.34 32.0 339 737 102 
-3-2.7- 4-2 4250 29.3 21.9 556 15.1 16.0 39 1.34 52.0 339 737 102 
-3-2.7- 4-2 4310 29.7 21.9 556 13.1 16.0 .39 1.34 32.0 339 737 102 
-3-2.7- 4-2 3910 27.0 21.9 336 15.1 16.0 39 1.34 52.0 359 7.37 102 
-4-3.6- 4-2 4250 29.3 22.2 564 15.3 16.0 39 1.34 52.0 339 737 102 
-5-4.5- 4-2 4980 34.3 22.3 566 15.4 16.0 39 1.34 52.0 339 737 102 
-6-5.4- 4-2 4980 34.3 22.5 572 15.5 16.0 39 1.34 32.0 339 737 102 

S c 

Table B.4: Centreline - Nonsyrninetric Holes, Input Data, Radial Line Method 



SLAB 
square - centreline - nonsvrnrnetric1 

<vi kb Mb Mbal kti kt 

Radi al Line 

kN rn/rn kN rn/rn 

H2 7.91 5()9 467 917 614 614 
H4 7.91 5.09 4.5 81.0 5.82 5.82 

7.91 5.09 47.5 65.5 5.38 5.38 
H9 7.91 5.09 46.5 91.4 6.14 4.14 
H10 7.91 5.09 46.7 97.4 6.24 6.24 
Hil 7.91 5.09 46.9 103.1 6.33 4.33 
HJ.4 7.91 5.09 :38.3 9.2 6.53 6.53 
H15 7.91 5.09 42.2 85.8 6.20 6.20 
8-•:L21.--0--0-i 7.91 5.08 8.0 1.7.1 6.28. 6.28 

- 7.91 5.08 7.9 14.2 6.19 4.9 

S-122-0-0-la 7.91 5.08 8.0 14.4 5.97 5.97 
7.91. 5.08 7.9 13.3 5.84 5.84 

S-113-0--C-1 7.91 5.08 8.0 12.0 5.58 5.58 
-2 7.91 5.08 a.o i:..o 5.•75 5.75 

S-J.2:L--1-•(:.9-- 7.91. 5.08 8.0 17.6 6.33 6.33 
-2-1.8- 7.91 5.08 8.0 18.8 6.42 4.42 

7.91 5.08 8.1 21.8 6.61 .4.61 
-4-3.6- 7.91 5.09 8.1 22.1 .4.63 4.63 
--5--4.5-- 7.91 5.08 8.0 20.6 6.54 6.54 
-6-5.4- 7,91 5.08 8.0 19.3 6.44 6.46 

S-121-0-0-1 7.91 5.08 :16.2 18.8 4.89 5.08 
-2 7.91 5,08 14.2 17,5 4.67 5.08 

S-122-0-0-la 7.91 5.08 15.8 15.5 4.35 5.08 
9-123-0-0-1 7.91. 5.08 14,2 12.5 3.39 5.08 
S--121-O-O-i 7.91 5.08 4.8 12.3 6.56 4.56 
S-122-0-0-la 7,91. 5.08 6.5 9.4 5.53 5.53 

S-':123-'0-0-1 7.91. 5.08 6.6 s.o 5.35 5.35 
7.91. 5.09 .4.5 11.6 5.54 5.94 

-2-1.8- 791 5.08 4.5 1.1.9 6.00 4.00 
--3--:.7- 7.91 5.08 4.6 :L3.4 6.21. 4.21 
--3-2.7- 7.91 5.08 4.6 13.8 6.23 6.23 
-3-2.7- 7.91 5.08 4.5 12.5 6.08 4.08 
--4-3.6-- 7.91 5.08 6.4 13.8 6.23 4.23 
-5-4.5- 7.91 5.08 6.7 142 6.47 6.47 

--6-5.4- 7.91 5.08 6.7 16.3 4.48 4.48 

Table B.5: Centreline - Nonsynirnetric Holes, Constants, Radial Line Method 



square - centreline - nOnsymmetrjc1 
SLAB Fv-fl F'vf2 F'vf F'vs Pp Fu Fu/Pp 

kN kN kN kN kN kN 

Radial Line 

H2 286.52 405.5 286.5 301.5 286.5 329.2 1.15 
H4 282.47 358.1 282.5 258.7 258.7 289.6 1.12 
HS 235.72 289.6 255.7 208.3 208.3 249.5 1.20 
H9 285 . 50 404.3 285.5 309 .5 285.5 347.4 1.22 
HJ.0 291.43 431.0 291 .4 322.7 291 .4 351.4 1.21 

Hil 294.70 456.1 296.7 334.2 296.7 356.7 1.20 
H!4 249.77 423.7 249.8 308.9 249.8 252.4 1.01. 
H13 241.54 379.7 261.5 291.8 261.5 344.7 1.32 
S--:12:L-0--0--1. 50.09 75.4 50.1 52.0 50.1 64.5 1.29 

-2 49.7 71.4 49.2 50,6 49.2 56.9 1.16 
S-122-0-0-la 47.60 63.3 47.6 43.6 43.4 41.4 0.95 

-- 46.15 58.8 46.1 42.0 42.0 53.4 1.27 
S--].23-'O-•O•-i 44.46 52.8 44.5 35.6 35.6 44.9 1.26 

- 46.20 57.5 46.2 37.1 37.1 31.4 1.39 
S-i.2].--'1-0,9-• 50.43 77.7 50.4 36.5 50.4 6:1.4 1.22 

--2-1.8- 3.1.40 83.1 51 .4 59.1 51.4 40.0 1. 17 

._7,7... 3.,55 96.4 53.6 64.0 53.6 é9.8 1,30 

53.49 97.7 37 64.9 3:3.7 69.4 1.29 
52.65 90.9 52.7 62,6 32.7 64.9 1.23 

-6-5.4-- 31.64 83.1 51.6 40.9 51.4 636 1.2".2'', 
S-i.2:1--0-0-1, 82.44 82.8 82.4 64.4 44.4 71.2 1.c:i7 

82.32 77.2 77.2 64.1 64.1 78.7 1.23 
8--i22--0-0-1 80.08 68.3 68.3 55.1 55.1 7:3.8 I.M. 

s-iz  0-0--i. 82.09 53.1 '-. 1 44.3 44.3 72.1 1.4:::!; 

544 31.2 44.0 31.2 512 .1.64 
S-122-0-0-1a 36.03 42.:3 36.0 37,0 34,0 43.4 1.21 
S••-:123-0--0-•:133.29 397 :35.3 :32.1 32.1 43.4 1.36 

1--0.9•- :39.94 51.0 38.7 47.4 38.7 507 .1,31 

'-]9 39 .00 52.4 :o 48.7 39.0 32.3 1.33 
-3--2.7-• 41.00 '.o.o z!.:L,o 59 .4 41.0 467 1.14 

60.8 4.1.2 32.8 41.2 38.7 143 
-3-•2.7  39.77 53.2 39.8 30,3 39.8 30.3 1.26 

4:1.13 60.8 41,! 33.2 41.! 33.6 1.35 
..5....4  433 71.7 434 37.8 43.4 58 1.34 

;jj  43 .41 722 44 58 .3 43.4 59.2 1.34 

Average 1.26 

Variance 

Table B.6: Ceutreline - Nousymnietric Holes, Predicted Values, Radial Line 
Method 
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SLAB 
Hole patterns square - centreline - flonsymmetrjcai 

Series 'c 'c bo 

60 Degree Cone 

H2 
H4 
HS 
H9 
RiO 
H11 
H14 
His 
5-121-0-0-1 

-2 
S-122-O-0-ia 

-2a 
5-123-0-0--i 

--, 

S-i21-1-0.9-
-2-1.8-
-3-2.7-
-4-3.6-
-5-4.5-
-6-5.4-

S-121-0--0-1 
-'7 

S122-0-0-ia 
S-123-0-0-1 
9-121-0-0-i 
S-122-0-0-ia 
S-123-0-0-1 
5-121-1-0.9-

-2-1.8-
-3-2.7-
-3-2.7-
-3-2.7-
-4-3.6-
-5-4.5-
-6-5.4-

b d rho fy S C 

psi MPa in mm in in mm 7. ksi MPa mm mm 

Reduction Method 

Moe 3620 
Moe 3730 
Moe 3620 
Moe 3490 
Moe 3620 
Moe 3780 
Moe 3800 
Moe 3390 
A-i 4140 
A-i 3920 
A-i 4070 
4-1 3770 
A-i 4060 
A-i 4420 
A-i 4090 
A-i 4260 
A-i 4910 
A-i 4910 
4-1 4540 
A-i 4220 
B 4550 
B 4240 
B 4380 
B 4240 

A-2 4160 
A-2 3770 
A-2 4250 
A-2 3740 
4-2 3740 
A-2 4250 
A-2 4310 
A-2 3910 
A-2 4250 
A-2 4980 
A-2 4980 

25.0 51.0 1,295 35.0 40.0 114 1.15 50.0 345 1,829 
25.7 46.0 1,168 30.0 40.0 114 1.15 52.0 359 1,829 
25.0 41.0 1.041 25.0 40.0 114 1.15 51.0 352 1,829 
24.1 51.0 1,295 .37.2 40.0 114 1.15 50.0 345 1,829 

25.0 52.9 1.344 39.5 40.0 114 1.15 50.0 345 1,829 
26.1 55.2 1,402 40.0 40.0 114 1.15 50.0 345 1.829 

26.2 51.0 1,295 35.0 40.0 114 1.15 40.0 276 1,829 
23.4 51.0 1.295 35.0 40.0 114 1.15 45.0 310 1,829 

28.5 20.4 518 14.0 16.0 46 1.15 52.0 359 737 
27.0 20.4 518 14.0 16.0 46 1.15 52.0 359 737 
28.1 18.4 467 12.0 16.0 46 1.15 52.0 359 737 
26.0 18.4 467 12.0 16.0 46 1.15 52.0 359 737 
28.0 16.4 417 10.0 16.0 46 1.15 52.0 359 737 
30.5 16.4 417 10.0 16.0 46 1.15 52.0 359 737 

28.2 21.2 538 15.0 16.0 46 1.15 52.0 359 737 
29.4 22.2 564 16.0 16.0 46 1.15 52.0 359 737 
33.9 23.2 589 16.0 16.0 46 1.15 52.0 359 737 
33.9 23.2 589 16.0 16.0 46 1.15 52.0 359 737 
31.3 23.2 589 16.0 16.0 46 1.15 52.0 359 737 

29.1 23.2 589 16.0 16.0 46 1.15 52.0 359 737 
31.4 20.4 518 14.0 16.0 46 2.53 53.3 367 737 
29.2 20.4 518 14.0 16.0 46 2.53 54.3 374 737 
30.2 18.4 467 12.0 16.0 46 2.53 51.9 358 737 
29.2 16.4 417 10.0 16.0 46 2.53 54.1 373 737 
28.7 20.4 518 14.0 16.0 39 1.34 36.4 251 737 

26.0 18.4 467 12.0 16.0 39 1.34 52.0 359 737 

29.3 16.4 417 10.0 16.0 39 1.34 52.0 359 737 
25.8 21.2 538 15.0 16.0 39 1.34 52.0 359 737 
25.8 22.2 564 16.0 16.0 39 1.34 52.0 359 737 
29.3 23.2 589 16.0 16.0 39 1.34 52.0 359 737 
29.7 23.2 589 16.0 16.0 79 1.34 52.0 359 737 
27.0 23.2 589 16.0 16.0 39 1.34 52.0 359 737 
29.3 23.2 589 16.0 16.0 39 1.34 52.0 359 737 
34.3 23.2 589 16.0 16.0 9 1.34 52.0 359 737 
34.3 23.2 589 16.0 16.0 39 1.34 52.0 359 737 

Table B.7: Centreline - Nonsymmetric Holes, Input Data, 60 Degree Method 

254 
254 
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254 
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102 
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102 



square centre line - nonsymmetrical 
SLAB kyl kb Mb Mbal kti kt 

kN rn/rn kN rn/rn 

60 Degree Co 

H2 
H4 
H5S..) 
H9 
H 10 
Hi 1. 
Hi" 
HiS 
8--121--0--0-1. 

S-122-0-0-1 a 

S-123-0-0-1 

S-121-1-0.9-
2-1.8-

-3-2.7-
-4-3.6-
-5-4.5-
-6-5 . 4-

S-121-0-0-1 

S-122-0-0- 1a 
S-1 23-0-0-1 

S-122--0--0--ia 
S--123-0-'-O--1 

--2'-- 1 8-
-3-2.7-
--3-2.7-
.-'-"? 7-... 

-4-3.6--

7.9i 8.09 46.7 91.7 6.14 8.14 
7.91 5.09 48.5 81. .0 5.82 5.82 
7c?i 5.09 47.5 &5.s 5. 38 s.ss 
7.91 5.09 46.5 9:3.9 6.17 6.19 
7.91 5.09 48.7 1034 6,34 8.34 
7.91 5.09 46.9 109.4 6.42 8.42 
791 5.09 38.3 98.2 6.53 8.s3 
7.91 5.09 42.2 85.8 6.20 6.20 
7.91 5.08 8. 0 17.1 8.28 8.28 
7,91 5.08 79 16.2 6.19 6.19 
7.91 5.08 8.0 :1.4.4 5.97 597 
7.91 5.08 7.9 13.3 5.84 5.84 
79.1 5.08 8.0 12.0 5.58 5.58 
7.91. 5.08 8.0 13.0 5.78 5.75 
7.91 5.08 8.0 18.1 6.37 6.37 
7.91 5.08 8.0 20.1 6.526   
7.91 3.08 8.1 2:3.1 6.89 8.69 
7.91 5.08 8.1 23.1 6.69 6.89 
7.91 5.08 8.0 21.4 6.60 8.60 
7,91 5.08 8.C' 1.9.9 8.50 6.50 
7.91 5.08 16.2 18.8 4.89 5.08 
7.9.1 S.OB 16.2 17.5 4.67 5.08 
7.91 8.08 15.8 15.8 4.38 5.08 
7.91 5.08 18.2 12.3 3.39 5.08 
7.91 5.08 4.8 12.3 6.56 8.56 
791 5.08 6.5 9.6 s.sac s.s3 
7.91 5.08 8.6 9.0 8.38 s.:s 
7.91 5.08 6.5 11.9 6.00 8.00 
7.9.1 5.08 6.5 12.7 6.1.2 812 
791 8.08 8,6 14.4 6.31 6.3:1 
7.91 5.08 8.8 14.6 6.33 8.33 
7 9:1 .13.2 6.19 6.18 

7.9:1 5.08 8.6 14.4 6.3! 8.31 
7.91 5.08 6.7 16.9 6.52 8.82 
7.91 8.09 6.7 16.9 6.52 8.52 

Table B.8: Centreline - Nonsyrnrnetric Holes, Constants, 60 Degree Method 



square - centrel ine - nonV1nmetrjca1 
SLAB F'vfl F'v-f2 F'vf F'vs Pp Pu F'u/Pp 

k  J.::N k  kN k  kN 

60 Degree Co 

H2 236.52 405.5 286.5 317.1 286.5 329.2 1.15 
H4 282.47 358.1 282.5 290.3 282.5 289.6 1.03. 
H5 255.72 289.4 255.7 254.9 254.5 249.5 0.98 
H9 287.72 415.5 287.7 3113 287.7 347.4 1.21 
H10 295.98 457.6 296.0 :328.9 296 .0 351.4 1.19 
HI1 300.98 483.9 301.0 350.7 301.0 356.7 1.19 
H14 249.77 425.7 249.8 :324,9 249.8 252.6 1.01 
HiS 261.54 379.7 261.5 306.8 261.5 344.7 1.32 
S-1 21 -0- 0-1 50.09 75.4 50.1 54.7 50.1 64.5 1.29 

-2 49.17 71.4 492 53.3 49.2 56.9 1.16 
S- 122-0-0-la 47.60 63.5 47,6 48.9 47.6 41.4 0.87 

46.15 58.8 46.1 47.1 46.1 53,4 1,i•) 
S-•123--0-o-.1 44.46, 52.8 44.5 43.6 43.6 44.9 1.03 

-2 46.20 57.5 44.2 45.5 45.5 51.6  
8-121-1-0.9-- 50.74 79.8 50.8 54.5 61.4 1.21 

-2-1.8- 52.14 88.6 52.1 60.4 52.1 60.0 
-3-2.7- 54.14 102.2 54.1 47.8 54.1 69,8 1.29 
-4-3.4- 54.1.4 102,2 54.1 67.8 84.1 49.4 1.28 

-5-45-• s.o - 94.5 53 .1 65.2 53.1 64.9 1.22 
-6-5.4-- 52.00 87.8 52.0 62.8 52.0 63.6 1.22 

8-121-0-0-1 82.44 82. 8 82.4 69.9 69.9 71.2 1.02 

-' 8' 77 77.2 67.5 67.5 78 .7 1.17 

S-122-0-0-la 80.08 68.3 68.3 61.8 61.8 73.8 1.1.9 
8-123-0-0-1 82.09 55.1 55.1 54.2 54.2 72.1 i.3::; 
8-121-0-0-i 31.23 54.4 31.2 48.3 31 .2 51.2 1.64 

S-122-0-0-la 36.03 42.3 34.0 41.5 :34.() 43.6 1.21. 
8- 123-0-0-i. 35.29 39.7 35.3 39 .3 35.3 4:3.6 1.24 
5-121-1-0.9- 39.00 52.4 39.0 47.6 39.0 50.7 1.30 

-2-1.8-• :39.73 55.9 :39.9 49.9 39.8 52.5 1.::2 
-3-2.7- 41.6:3 63.6 41.4 55,5 41.4 46.7 1.12 
--3-2,7- 41.82 44.5 41.8 55.9 41.8 58.7 1.40 

40.44 ss.s 40.4 5:3,3 40.4 50.3 1.24 

-4-.4- 41.63 43..4 41.4, 55.5 41.4 55.6 1.34 
-5-4.5- 43.71 74.5 43.7 4).i 43,7 58..3 1.33 
-4-5.4- 43 .7 1 74.s 43 .7 60.1 43.7 59.2 1.35 

Average 1. 

Variance • 0.02 

'i'able 130: Centrelin.e - Nonsymmetric Holes, Predicted Values, 60 Degree Method 
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Hole patterns square - centreline - nonsymmetrical 
SLAP Series f'c f'c bo b' b d rho fy s c 

psi MPa in mm in in ins 7. ksi MPa mm mm 

90 Degree Cone Reduction Method 

H2 Moe 3620 25.0 51.0 1.295 35Q 40.0 114 1.15 50.0 345 1,829 254 
H4 Moe 3730 25.7 46.0 1,168 30.0 40.0 114 1.15 52.0 359 1,829 254 
HS Moe 3620 25.0 41.0 1,041 25.0 40.0 114 1.15 51.0 352 1,829 254 
H9 Moe 3490 24.1 51.0 1,295 38.8 40.0 114 1.15 s':.o 345 1,829 254 
H1C' Moe 3620 25.0 54.9 1,394 40.0 40.0 114 1.15 50.0 345 1,829 254 
Hil Moe 3781:) 26.1 56.0 1,422 40.0 40.0 114 .1.15 50.0 345 1,829 254 
H14 Moe 3800 26.2 51.0 1,295 3S.0 41:1.0 114 1.15 40.i:i 276 1,829 254 
HIS Moe 3390 23.4 51.0 1,295 35.') 40.0 114 1.15 45.0 310 1.829 254 
9-121-0-0-i A-i 414(1 28.5 20.4 518 14.0 16.0 46 1.15 52.0 359 737 102 

-2 A-i 3920 27.0 20.4 518 14.0 16.1:) 46 1.15 52.0 359 737 102 
S-122-0-0-ia 4-1 4070 28.1 18.4 467 12.0 16.0 46 1.15 52.0 359 737 102 

- 4-1 3770 26.0 18.4 467 12.0 16.0 46 1.15 52.0 359 737 102 
8-123-0-0-1 4-1 4060 28.0 16.4 417 10.0 16.0 46 1.15 52.0 359 737 102 

-2 A-i 4420 30.5 16.4 417 10.0 16.0 46 1.15 52.0 359 737 102 
8-121-1-0.9- A-I 4090 29.2 21.2 539 15.9 16.0 46 1.15 52.0 359 737 102 

2-1.8- A-i 4260 29.4 22.9 582 16.0 16.0 46 1.15 52.1:) 359 737 11.12 
-3-2.7- A-i 4910 33.9 23.2 589 16.0 16.0 46 1.15 52.0 359 737 102 
-4-3.6- A-i 49i': 33.9 23.2 589 16.0 16.0 46 1.15 52.1:) 359 737 102 
-5-4.5- A-i 454(1 31.3 23.2 589 16.0 16.0 46 1.15 52.0 359 737 102 
-6-5.4- A-i 422):, 29.1 23.2 589 16.0 16.0 46 1.15 52.0 359 737 102 

8-121-0-0-1 8 4350 31.4 20.4 518 14.0 16.0 46 2.53 33.3 367 737 102 
-2 8 4240 29.2 20.4 518 14.0 16.0 46 2.53 34.3 374 737 102 

8-122-0-0-ia 8 4380 30.2 18.4 467 12.0 16.)) 46 2.53 51.9 .759 737 102 
8 4240 29.2 16.4 417 10.0 16.0 46 2.53 54.1 373 737 102 

9-121-0-0-1 4-2 4160 28.7 20.4 SiB 14.0 16.0 39 1.34 36.4 251 737 102 
9-122-0-Cl-ta A2 3770 26.') 18.4 467 12.0 18.0 39 1.34 32.0 359 737 11:12 
9-123-0-0-1 4-2 4250 29.3 16.4 417 10.0 16.0 39 1.34 52.0 .759 737 102 
5-121-1-0.7- 4-2 3740 25.8 21.2 5.78 13.8 16.0 39 1.34 52.0 359 737 102 

-2-1.8-- A-2.3740 25.9 22.9 582 16.1) 16.0 79 1.34 52.0 359 737 11)2 
-3-2.7- 4-2 425') 29.3 23.2 589 16.0 16.0 39 1.34 52.0 359 737 102 
-3-2.7- 4-2 4:310 29.7 23.2 589 16.0 16.0 39 1.34 52.0 359 737 11)2 
-3-2.7- 4-2 391):) 27.)) 23.2 589 16.0 16.0 39 1.34 52.0 359 737 11)2 
-4-3.6- 4-2 4250 29.3 23.2 589 16.0 16.0 39 1.34 52.0 359 737 102 
-5-4.5- 4-2 4980 34.3 23.2 589 16.0 18.0 39 1.34 52.0 359 737 102 
-6-5.4- 4-2 498':) 34.3 23.2 587 16.0 18.0 .79 1.34 52.0 359 737 102 

Table B.10: Centreline - Nonsymmetric Holes, Input Data, 90 Degree Method 



square centreline - nonsyrnrnetrical 
SLAB kyl kb Mb Mb1 ktl kt 

kN rn/rn kN rn/rn 

90 Degree Co 

H2 7.91 5.09 46.7 91.7 614 6.14 
H4 7.91 5.09 48.5 81.0 582 5.82 
H5 7.91 5.09 47.5 655 5.38 5.38 
H9 7.9:1 5.09 4 6. 5 r.r (-. 6.26 6.26 

HIO 791 5.09 46.7 104.8 6.36 6.36 
HI1 7.91 5.09 46.9 109.4 6.42 6.42 
H14 7.91 5.09 38.3 96.2 6.53 6.53 
HIS 7.91 5.09 42.2 85.8 6.20 6.20 
S-:121--0--0--i. 7.91 5.08 8.0 17.1 6.28 ''9 

-2 7.91 5.08 79 16.2 6.19 6.19 
S-i.22-0-0--i. 7.91 5.08 8.0 14.4 597 5.97 

--2a 7.9:1 5.08 7.9 13.3 5.84 5.84 
8-i2.--0--0--1 7.91 5.08 8.0 12.0 5.58 5.58 

-2 :7,91 s.os 8.0 13.0 5.75 5.75 
S--:121--i--0,9-- 7.91 5.08 8.0 19.0 6.45 6.45 

.._j 7.91 5.08 8.0 20.1 6.52 6.52 
--3-2.7-- 7.91 5.08 8.1 23.1 6.69 6.69 

7.91 5.09 8.1 23.1 6.6,9 6.69 
7.91 5.08 8.0 21.4 6.60 6.63c) 
7.91 5.08 8.0 19.9 6. 

8-121-0-0-1 7.91 5.08 16.2 18.8 4.89 5.08 
- --2 7.91 5,08 16.2. 17.5 4.67 5.08 

S-122-0-0-la 7.91 5.08 15.8 15.5 4.35 5.08 
3..12...C)_.0_1 7,91 5.08 16.2 12.5 3.39 5.08 

S--121--0--0--i 7.91 5.08 4.8 12.3 6.56 6.56 
S-122-0-0-la 7.91 5.08 6,,5 9.6, s.s. 5.53 
S-:123--0--0--i 7.91 5.08 6.6 9.0 5.35 5.35 
S-121--i•-0.9- 7.91 5.08 6.5 12.5 6.09 6.0'') 

--2--i,8-- 7.91 5.08 6.5 12.7 6.12 6.12 
7.91 509 6.6 14,4 6.31 63:1 

, 7. 7.91 5.08 6.6 146 .6.33 
--3-2.7- 7.91 5.08 6.5 13.2 6.18 6.18 

791 5.08 6,,6, 14.4 6.31 6.31 
--5-4.5- 7.91 5.08 4,7 16.9 6.52 6.52 
-.6-5.4-- 791 5.08 6,,7 16.9 6.52 6.52 

Table B. 11: Centreline - Nonsynirnetric Holes, Constants, 90 Degree Method 



square - centreline - flonsyfflrnetrjcal 
SLAB F'vfl Fv+2 F'vf Fv5 pp Pu PUMP 125 

kN kN kN kN kN kN 

90 Degree Co 

H2 286,52 405.5 286.5 317.1 286.5 329,2 1.15 

H4 282.47 358.1 282.5 290.3 282.5 289.6 1.0:3 H5 255.72 289.6 255.7 254.9 254.9 249.5 0.98 

H9 291.04 433.4 291.0 311.3 291.0 347.4 1.19 
HIO 296.90 443.4 296.9 341.3 296.9 351.4 1.18 
Hil 300.98 483.9 301.0 355.8 301.0 356.7 1.19 
H14 249 .77 425.7 249.8 324.9 249.8 252.6 1.01 
HiS 261.54 :379.7 261.5 306.8 261.5 344.7 1.32 
S- 121--O--c-.1 50.09 75.4 50.1 54.7 50.1 64.5 1.29 

--2 49.17 71.4 49.2 53.3 49.2 56.9 1.16 
S-122---(.-, 47.60 63.5 47.6 48.9 47.6 41.4 0.87 

-2a 46.15 58.8 46.1 47.1 46.1 53.4 1.16 
S-i.2:3---c)-.-1 444> 53 44.5. 43.4 43.6 44.9 1.03 

46. 20 57.5 46.2 45.5 45.5 51.6 1.13 
S-121--1--o,9-- 51.38 84.0 51.4 56.5 51.4 61.4 1.19 

-2--i.e  5214 88.6 52.1 62.3 52.1 60.0 1.15 
-- 3-2.7  54. 14 102,2 54.1 67.8 54.1 69.8 1.29 
•-4--3.6-- 54.14 102.2 54.1 67.8 54.1 69.4 1.29 

53,()7 94.5 53.1 65.2 53.1 64.9 1.22 
-6-5,4  52.00 87.8 52.0 62.8 52.0 6:3,6 1.22 

8-121-0-0-1 82.44 82.8 82.4 69.9 69.9 71.2. 1.02 

-2 82.:32 77.2 77.2 67.5 67.5 78.7 1.17 
S-122-0--c).-1, 80.08 68.3 68.3 61.8 61.8 73.8 1.19 
S--12:3--0•-0.-j 8209 55.1 55.1 54.2 54.2 72.1 1.33 
S- 121-'O--Q-j 31.23 54.4 31.2 48.3 31.2 51.2 1.64 

S-122-0-0-ja 36.03 42.3 38.0 41.5 :36.0 4:3.6 1.21 
S- i23-0--)-...1 35.29 39 .7 35.3 :39,3 3.3 43.6 1.24 
S.-121...j._0,c._ 39.63 55.2 :39.6 47.6 :39.6 50.7 1.28 

-2-1.8- 39.78 55.9 39.8 51.4 39.8 52.5 1.32 

-3--2.7-•- 41.6:3 6:3,6 41.6 55.5 41.6 46.7 1.12 

41.82 44.5 41.8 55.9 41.8 58.7 1.40 
-3-2.7- 40.44 58.5 40.4 53 .3 40.4 50.3 1.24 

-4-34-- 41,63 63.6 4:1.4 55;5 41.6 65.6 1.34 
_5_45.. 43.71 74.5 43.7 60.1 43.7 58.3 1.3:3 
-4-5.4-. 43.71 74.5 43.7 601 43.7 59.2 1.35 

Average 1.21 

Variance 0.02 

Table B.12: Centreline - Nonsyinmetric Holes, Predicted Values, 90 Degree Method 
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Hole Pattern: Square - Corner - Symmetrical 
SLAB Series f'c bo b b d rho fy s c 

MF'a in mm in in mm 7. ksi MPa mm mm 

Radial Line Reduction Method 

H12 Moe 27.8 26.0 660 20.0 40.0 114 1.15 47.5 328 1.829 254 
H13 Moe 24.6 16.0 406 12.5 40.0 114 1.15 47.5 328 1,829 254 

9-222-0-0-1 B 30.7 16.4 417 12.0 16.0 46 2.53 66.3 457 737 102 
S-224-0-0-i a 33.8 10.4 264 8.0 16.0 46 2.53 65.0 448 737 102 
S-242-9-0-1 B 32.8 14.4 366 10.5 16.0 46 2.53 67.1 463 737 102 

-2 B 29.6 14.4 366 10.5 16.0 46 2.53 67.1 463 737 102 
9-244-9-0-1 8 24.8 6.4 163 5.0 16.0 46 2.53 52.3 361 737 102 

-2 8 33.8 6.4 163 5.0 16.0 46 2.53 64.1 442 737 102 
S-224-0-0-i A-I 28.3 10.4 264 8.0 16.0 46 1.15 52.0 359 737 102 
S-242-9-0-1 A-i 28.1 14.4 366 10.5 16.0 46 1.15 52.0 359 737 102 

-17- A-I 29.9 14.4 366 10.5 16.0 46 1.15 52.0 359 737 102 
-18- A-i 26.5 14.4 366 10.5 16.0 46 1.15 52.0 359 737 102 

8-244-9-0-1 4-1 .31.0 4.4 163 5.0 18.0 46 1.15 52.0 359 737 102 
-11- A-i 28.9, 6.4 163 5.0 14.0 46 1.15 52.0 359 737 102 
-10- A-i 28.9 6.4 163 5.0 16.0 44 1.15 52.0 359 77 102 
-23- A-i 29.9 6.4 163 5.0 16.0 46 1.15 52.0 359 737 102 
-24- A-i 29.3 6.4 163 5.0 16.0 46 1.15 52.0 359 737 102 

8-224-0-0-1 4-2 28.2 10.4 264 8.0 16.0 39 1.34 52.0 .359 737 102 
S-242-9-0-i 4-2 28.2 14.4 366 10.5 16.0 39 1.34 52.0 359 737 102 
9-244-9-0-1 A-2 34.8 6.4 163 5.0 16.0 39 1.34 52.0 359 737 102 

-2 A-2 32.2 6.4 16.3 5.0 16.0 39 1.34 52.0 359 737 102 
-3 A-2 30.1 6.4 163 5.0 16.0 39 1.34 52.0 359 737 102 
-4 A-2 29.2 6.4 163 5.0 16.0 39 1.34 52.0 359 737 102 

-10-0-1 4-2 29.2 6.4 163 50 16.0 39 1.34 52.0 359 737 102 
-11-0-1 4-2 29.7 6.4 163 5.0 16.0 39 1.34 52.0 359 737 102 

Table B.13: Corner - Symmetric' Holes, Input Data, Radial Line Method 



square - corner -- symmetrical 
SLAB kyl kb Mb Mal kt.1 kt 

kN rn/rn kN rn/rn 127 

Radial Line 

H12 7.91 5.09 45.0 58.3 5.22 5.22 
N1:3 7.91 5.09 445 12.2 3.09 5.09 

S-%.22--0-0-1 7.91 5.()8 19.0 157 1.68 5.08 
S--224--0-0--1 791 5.08 19.2 11.5 2.09 5.08 
S-242--9--0-1 7.91 5.08 19.5 14.7 3.26 5.08 

7.91 508 19 .0 11.3 2.91 5.08 
S--244-9-0-1 7.91 508 15.1 5.1 -2.05 5.08 

-2 7.91 5.08 17.0 7.2 -1.31 5.08 
8-224-0-0-1 7.91 5.08 8.0 9.7 s.o:; 5.08 
S-242-9--0-1 7.91 5.08 8.0 12.6 5.70 5.70 

--17- 7.91 5.08 8.0 1.3,4 5.82 5.82 
-18- 7.91 5.08 7.9 .11,9 5.58 5.58 

244-9-0--I 7.91 5.08 9.0 6.6 1.67 5.08 

7.91 5.08 8.0 6.2 3.39 5.08 
-10- 7.91 5.08 e.o 6.2 3.39 s_os 
-23-- 7.91. 5.08 8.0 6.4 3.52 5.08 
--24- 7.91 5.08 8.0 6.:3 3.44 5.09 

8-224-0-0--i 7.91 5.08 6,6 6.9 4.59 5.08 
S-42-9-0--1 7.91 5.08 6.6 9.1 5.18 5.38 

7.91 5.08 6.7 5.3 3.52 5.08 
-2 7.91 5.08 6.7 4.9 3.20 5.08 
-3 7.91. 5.08 6.6 4.6 2.90 5.08 
-4 7.91 5.08 6.6 4.5 2.77 5.08 

-10-0-1 7.91 5.09 6.6 4.5 2.77 5.08 
••.fl( 7.91 5.08 6.6 4,6 2.84 5.08 

Table B.14: Corner - Symmetric Holes, Constants, .adial Line Method 



square - corner - symmetrical 
SLAB Pvf 1 Pvf2 F'v-f Pvs Pp Pu Pu/Pp 

W kN kN kN kN W. 128 
Radial Line 

H12 235.02 258,0 235.0 170.1 170.4 269.0 1.58 
I13 226.47 142.4 142,4 98.7 98.7 201.0 2.04 

S-222-0-•-0--i 96.64 49.4 694 55.6 5.4 80.3 1.45 

97.71 51.0 51.0 37.0 37.0 70.6 . 

8-242-9-(-] 99.25 44.9 64.9 50.4 50.4 65.8 1.31 

--2 96.41 58.6 58.6 47.9 47.9 45.5 1.37 
S- 244--9--c)-1 7.77 23.4 23.4 19.5 19.5 56.3 2.89 

-2 94.69 31.9 31.9 22.7 22.7 59.8 2.43 
40.50 42.7 40.5 27.8 27.8 44.9 1.62 

45.42 55.6 45.4 38.3 39.3 48.5 1.27 
44.45 59.2 44.7 39.5 39.5 46.3 1.17 
44.21 52.5 44.2. 37.2 37.2 49.8 1.4 

40.83 29.2 29.2 17.9 17.9 40.9 2. 29 
-11-- 40.58 27.3 27.3 17.% 17.3 42.3 2.45 
-10 48 273 27.3 17.3 17.3 4.3 2.68 

40.70 28.2 29.2 17,6 17.6 42.7 2.43 
40.43 27.4 27.6 17.4 17.4 44.5 2.56 

3-22...........o--.i 33 .38 30.6 30.6 24.4 24.4 44.5 i.82 

35.38 40.1 35.4 33.8 33.8 40.5 1.20 
34.09 23.6 23.6 16.7 16.7 32 .5 1.95 

-2 33,34 21.8 21.8 16.1 14.1 53.9 :3.35 
33.41 20.4 20.4 15.5 15.5 43.6 2.81 

4 33.51 19.8 19.8 15.3 15.3 40.9 2.47 
- 10-0--i 3:3,51 19.8 19.8 15.3 15.3 39.1 2.56 

7 1 1-0-1 :33,57 20.1 20.1 15.4 15.4 40.0 2.59 

Average 2.08 

Std. D'. 0.42 

Variance 

Table B.15: Corner - Symmetric Holes, Predicted Values, Radial Line Method 
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SLAB 
Hole Pattern: Square - Corner - Symmetrical 
Series 'c bo b' b d rho fy s c 

MPa in mm in in mm Y. ksi MPa mm mm 

60 Degree Cone Reduction Method 

H12 Moe 27.8 33.3 846 30.0 40.4) 114 1.15 47.5 328 1,829 254 
H13 Moe 24.6 21.0 533 17.5 40.0 114 1.15 47.5 328 1,829 254 

S-222-0-0-i B 30.7 17.9 455 14.0 16.0 46 2.53 66.3 457 737 102 
9-224-0-0-1 B 33.8 13.4 340 12.0 16.0 46 2.53 65.0 448 737 102 
S-242-9-0-i B 32.8 15.4 391 11.5 16.0 46 2.53 67.1 483 737 102 

-2 a 29.6 15.4 391 11.5 16.0 46 2.53 67.1 463 737 102 
S-244-9-0-1 B 24.8 8.4 213 7.0 18.0 48 2.53 52.3 381 737 102 

-2 B 33.8 8.4 213 7.0 18.0 46 2.53 64.1 442 737 102 
S-224-0-0-1 A-i 28.3 13.4 34::) 12.0 16.0 461.15 52.0 359 737 102 
9-242-9-0-1 A-i 28.1 15.4 391 11.5 18.0 46 1.15 52.0 359 737 102 

-17- 4-1 29.9 15.4 391 11.5 18.0 46 1.15 52.0 .359 737 102 
-18- 4-1 28.5 15.4 391 11.5 16.0 46 1.15 52.0 359 737 102 

9-244-9-0-1 A-i 31.0 8.4 213 7.0 16.0 46 1.15 52.0 .359 737 102 
-11- 4-1 28.9 8.4 213 7.0 16.0 46 1.15 52.0 359 737 102 
-10- A-i 28.9 8.4 213 7.:) 16.0 46 1.15 52.0 359 737 102 
-23- A-i 29.9 8,4 213 7.0 16.0 44 1.15 52.0 359 737 102 
-24- 4-1 29.3 8.4 213 7.':) 18.0 46 1.15 52.0 359 737 102 

9-224-0-0-1 A-2 28.2 13.4 340 12.0 18.0 39 1.34 52.0 359 737 102 
S-242-9-0-i A-2 28.2 15.4 391 11.5 16.0 39 1.34 52.0 359 737 102 
9-244-9-0-I 4-2 34.8 8.4 213 7.0 16.0 39 1.34 52.0 359 737 102 

-2 A-2 32.2 8.4 213 7.0 16.0 39 1.34 52.0 339 737 102 
-3 4-2 3):'.i 8.4 213 7.0 16.0 .39 1.34 52.0 339 737 102 
-4 A-2 29.2 8.4 213 7.0 16.0 39 1.34 52.0 339 737 102 

-10-0-i A-2 29.2 9.4 213 7.0 16.0 39 1.34 52.0 359 7.37 102 
-11-0-1 4-2 29 •7 8.4 213 7.0 16.0 39 1.34 52.0 359 737 102 

Table 8.16: Corner - Symmetric Holes, Input Data, 60 Degree Method 



square - corner symmetrical 
SLAB  k y 1 kb Mb Mba 1 k t 1 k t 

W  m / rn k N m / rn 

60 Degree Cone 

H12 7.91 5.09 45.0 87.5 6.12 6.12 
03 7.91 5.09 44.5 45.1 4.47 5.09 

8-222-0-0-1 7.91 5.08 19.0 18.3 4.29 5.08 
7.91 5.08 19.2 17.3 4.03 5.08 
7.91 5.08 19.5 16.1 3.66 5.08 

-2 7.91 5.08 19.0 14.5 3.34 5.08 
S-244-9-0-•1 7.91 5.08 15.1 7.4 0.79 5.08 

-2 7.91 5.08 19.0 10.1 1.32 5.08 
S-'224-0-O-J. 7.91 5.08 8.0 1.4.5 5.99 5.99 

S-242--9-0--:1 7.91 5.08 8.0 1:3.8 5.89 5.89 
-17-- 7.91 5.08 8.0 14.7 6.00 6.Qo 
-19- 7.91 5.08 7,9 13.0 5.78 5.78 

7.91 5.08 8.0 9.3 4.88 5.08 
'7.91 5.08 8.0 9.6 4.68 5.09 
7.91 5.08 8.0 8.6 4.69 5.08 

-"23-- 7.91 5.08 E3.:) 8.9 4.79 5.08 
-24-- 7.91 5.08 8.0 8.8 4.72 5.08 

8-22.4-0-0-1 7.91 5.08 6.6 10.4 5.70 5.70 
8-242-9-0-1 7.91 5.08 6.6 io.o 5.60 s.o 
S-244-9-0•-•:1 7.91 5.08 6.7 7.5 4.77 5,08 

--2 7.91 5.08 6.7 6.9 4.55 5.08 
-3 7.91 5.08 6.6 6.5 4.33 5.09 
-'4 7.91 5.08 6.6 4.3 4.24 5.08 

--10-0-1 7.91 5.08 6.6 6.3 4.24 5.C)8 
--'11-0--i 7.91 5.08' 6.6 6.4 4.29 5.0-3 

Able 1117: Corner - Symmetric Holes, Constants, 60 Degree Method 



square - corner - symmetrical 
SLAB F'vfl Fv+2 Fv-f F'vs pp Pu Ft.t/Fp 

60 Degree Cone 

W kN kN kN kN kN 
131 

H12 275.48 387.0 275.5 218.4 218.4 269.0 1.23 
H13 226.47 199.4 199.4 i:.s 129.5 201.0 i.ss 

S-222-0-0-i 96.64 81.0 81.0 60.6 606 80. 3 1.32 
S-224--0--0-1 97.71 76.5 74.5 47.6 47.6 70.6 148 
S--242--9--0-1 99.25 71.0 71.0 s::.9 53.9 65.8 1.22 

-2 96.41 44.2 64.2 51.2 51.2 65.8 128 
S-244-9'•-O--i 76.77 32.8 32.8 25.6 25.6 56.3 2.20 

-2 96.69 44.6 44.6 29.9 29.9 59.8 2.00 
8-224-0-0-1 47.76 44.1 47.8 35.8 :38.8 44.9 i.:s 

8--242-9-•-0-•:L 46,96 40.9 47.0 41.0 41.0 49.5 1.18 
-17- 48.11 64.9 48,1 42.::?; 42.3 46.3 1.09 
--ia- 48.82 57.5 458 39.8 39.8 49.8 1.25 

S-244-9-•-0-••:L 40.83 40.9 40.8 2:c.5 23.5 40.9 1.74 
:11- 40.58 38.2 :38,2 22.7 22.7 42.:3 1.87 

-1.0-- 40.58 38.2 38.2 22.7 22.7 46.3 2.04 
40.70 39.5 39,5 23.1 23.1. 42.7 1.85 

-24-- 40.63 :38.7 38.7 22.8 22.8 44,5 1.95 
S--224-0-0'-1 37.46 45.9 37.5 31,5 31.5 44.5 1.41 

44.0 36.8 36.2 34.2 40.5 1.12 
34,9 :,o 3:3.o 21.9 21.9 32.5 1.48 

-2 3:3.94 30.6 30.6 21.1 21.1 53.8 2.55 
:33.61 28.6 28.6 20.4 20.4 43.6 2.14 
33.81 27.7 27.7 20.1. 20.1 40.9 2.04 

-10-0-i 33.51 27.7 27.7 20.1 20.1 39.1 1.95 
--11-0--I 33.87 28.2 28.2 20,2. 20.2 40.0 1.98 

cvthrace 1.68 

8tC1 D:v. 0.40 

Varia n ce 1.. ..: . - 

L.t'! 

Table B.18: Corner- Symmetric Holes, Predicted Values, 60 Degree Method 
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Hole Pattern: Square - Corner Symmetrical - 

SLAB Series fc bo b b d rho 4y s c 

MPa in mm in in mm 7. ksj MPa mm mm 

90 Degree Cone Reduction Method 

H12 hoe 27.8 40.0 1,016 30.0 40.0 114 1.15 47.5 328 1.829 254 
Hi3 Moe 24.6 40.0 1,016 17.5 40.0 114 1.15 47.5 328 1,829 254 

S-222-0-0-1 8 30.7 19.6 498 14.0 16.0 46 2.53 66.3 457 737 102 
S-224-0-0-1 8 33.8 16.0 406 12.0 16.0 46 2.53 65.0 448 737 102 
5-242-9-0-1 8 32.8 19.6 498 11.5 16.0 46 2.53 67.1 463 737 102 

-2 B 29.6 19.6 498 11.5 16.0 46 2.33 67.1 463 737 102 
S-244-9-0-i a 24.8 16.0 406 7.0 16.0 46 2.53 52.3 361 737 102 

-2 B 33.8 16.0 406 7.0 16.0 46 2.53 64.1 442 737 102 
5-224-0-0-1 A-i 28.3 16.0 406 12.0 16.0 46 1.15 52.0 359 737 102 
S-242-9-0-i A-i 28.1 19.6 498 u.s 16.0 46 1.15 52.0 359 737 102 

-i7- A-i 29.9 19.6 498 u.S 16.0 46 1.15 52.0 359 737 102 
-10- A-i 26.5 19.6 498 11.5 16.0 46 1.15 52.0 339 737 102 

5-244-9-0-1 A-I 31.0 16.0 406 7.0 16.0 46 1.15 52.0 359 737 102 

-11- 4-1 20.9 16.0 406 7.') 16.0 46 1.15 52.0 359 737 102 
-10- A-i 28.9 16.0 406 7.0 ió.0 46 1.15 52.0 339 737 102 
-23- A-i 29.9 16.0 406 7.0 16.0 46 1.15 52.0 359 737 102 

-24- A-i 29.3 16.0 406 7.0 16.0 46 1.13 52.0 359 737 102 
9-224-0-0-1 A-2 28.2 16.0 406 12.0 16.0 39 1.34 52.0 359 737 102 
S-242-9-0-1 4-2 28.2 19.6 498 u.S 16.0 39 1.34 52.0 359 737 102 
S-244-9-0-i 4-2 34.8 16.0 406 7.0 16.0 39 1.34 52.0 339 737 102 

-2 4-2 32.2 16.0 406 7.0 16.0 39 1.4 52.0 359 737 102 
4-2 .30.1 16.0 406 7.0 16.0 39 1.34 52.0 359 737 102 

-4 4-2 29.2 16.0 406 7.0 16.0 39 1.34 52.0 339 737 102 
-10-0-i 4-2 29.2 16.0 406 7.0 16.0 39 1.34 32.0 359 737 102 
-11-0-1 4-2 29.7 16.0 406 7.0 16.0 39 1.34 52.0 339 737 102 

Table B.19: Corner - Symmetric Holes, Input Data, 90 Degree Method 



square - corner - symmetrical 
SLAB k y 1 kb Mb M b 1 1< t 1 k t 

kN rn/rn kN rn/rn 

90 Degree Cone 

Hi.2 7.91 5.09 45.0 87.5 6.12 6.12 
Ht3 7.91 5.09 44.5 45.1 4.47 5.09 

8-222-0-0-1. 7.91 5.08 19.0 18.3 4.29 5.08 
S-224••-o--o--i 7.91 5.08 19.2 17:3 4.0:3 5.08 

7.91 5.08 19.5 14.1 3.66 5.08 
-2 7.91 5.08 19.0 14.5 3.34 5.08 

8-244-9--O--1 7.91. 5.08 15.1 7.4 0.79 5.08 
-2 7.91 5.08 19.0 101 1.32 5.08 

8-224-0-0-1 7.91 5.08 8.0 14.5 5.99 5.99 
7.91 5,08 8.0 1:3.8 5.89 5.89 

-1 .7-- 7.91 5.08 8.0 14.7 6.00 6.00 
--18-- 7.9:1 5.08 7.9 13.0 5.78 5.78 

7.91 3,08 8.0 9.::?; 4.88 5.08 
--1:1-- 7.91 5.08 8.0 8.6 4.68 5.08 
-'10-- 7.9:1 5.08 8.0 8.4 4.68 8.08 

- 7.91 5.08 8.0 8.9 4.78 5.08 
-'-24-- 7.91 3,08 8.0 8.8 4.72 5.08 

7.91 5.08 6.6 10.4 5.70 5.70 
791. 508 6.4 10.0 5.60 5.60 

8--244'-9--O-'1 7.9:1 3.08 4.7 7.5 4.77 5.08 

--2 7.91 5.08 6.7 6.9 4.55 5.08 
--3 7.91 5.08 6.6 6.3 4.33 3.08 
.... 4 7.9:1 5.08 6.6 6.3 4.24 5.08 

-10-0-1 7.91 5.08 6.6 6.3 4.24 5.08 

7.91 5.08 6.6 6.4 4.29 5.08 

Table 1310: Corner - Symmetric Holes, Constants, 90 Degree Method 



SLAB 
square -  corner -  symmetrical 

F'v-fl F'v-f2 Fvf F'vs pp F'LL F'u/Fp 

90 Deqrthe Cone 

H12 
H13 

S-222-0-0-1 
S-224-0-0-1 
8-242-9-0-- 1 

8-244-9-0--i 

S-224-0-0- 1 

-17-
-Is-

S-244-9 -0 -1 

4 -. 

S--224--0--0--i 
8--242--9-0--1 

---1 1-0--1 

kN kN kN kN kN 

275.48 387.0 
226.47 199.4 
96.64 81.0 
97.71 76.5 
99.25 71.0 
96.41 64.2 
76.77 32.8 
96,69 44.6 
47.76 64.1 
46.96 60 .9 
48.11 64,9 
45.82 57.5 
40.83 40.9 
40 . 58 38 .2 
40.58 38 .2 
4'%,•, '7r, ":rf'; 

• / 7 S.J 

4o.6:: .?8.'7 
37.46 45.9 
36.83 44.0 
34,09 33.0 
33.84 30.6 
33.61 28.6 
:,ji 27.7 
33.51 27.7 
33.57 28,2 

275.5 
199.4 
81.0 
76 .5 
71.0 
64.2 
32.8 
44.6 
47.8 
47 .0 
48.1 
45.8 
40. 8 
38.2 
38 .2 

5 
:38.7 
7 

36.8 
33.0 
30.6 
28 .6 iri / 
- • C) 

27.7 
27 .7 
28 .2 

262.4 
246.6 
66.4 
56 .9 

=. •7  

6 8 6 
,-.  

•  

65.2 
48.7 
56.9 
42.7 

Avera ge 

Std. Dev. 

Variance 

52.2 
9 

50.7 
44 .7 
43 .2 
43 .2 
43 .9 
43.5 
37.6 
46.0 
41.7 
40 .2 
38 .8 • 

38.2 
38.2 
38 . 6 

262.4 
199.4 
66.4 
56.9 
68.6 
64. 2 

9 

44.6 
42 .7 
47 .0 
48 . 1 
45.8 
40 .8 
38.2 
38 .2 

4= 

38. 7 
37 .5 
• 36.8 

.0 
:30.6 
28.6 
27.7 
27 .7 
28.2 

269.0 
201.0 
80 .3 
70.6 
65.8 
65.5 
56.3 
59.8 
44.9 
48.5 
46.3 
49.8 

40.9 

46. 
42.7 
44 .5 
44.5 
40.5 

.5 
5.8 
43 .6 
40.9 
39 .1 
Ltr 
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1.07. 
1. 01 
1.21 
1.24 
0.96 
1.02 
1.72 
1.34 
.05 

1.03 
0. 96 
1.09 

.4 .4.4 

I . 08 
1 .15 
1.19 
.4 •1 i. i0 
0 . 913 
1.76 
1.53 
i.49 

1.41. 
1.42 

Table B.21: Corner - Symmetric Holes, Predicted Values, 90 Degree Method 
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SLAB 

Radial Line 

Hole Patterns Square - Corner - Nonsymmetrical 
Series c bo b b d rho iy s c 

MPa in mm in in mm 7. ksi MPa mm mm 

Reduction Method 

S-221-0-0-1 A-i 28.2 19.4 493 14.0 16.0 46 1.15 52.0 39 737 102 
9-241-9-0-1 A-i 27.9 18.4 467 13.2 16.0 46 1.15 52.0 359 737 102 

-15- 4-1 27.9 18.4 467 13.2 16.0 46 1.15 52.0 359 737 102 

-16- A-i 27.9 18.4 467 13.2 16.0 46 1.15 52.0 359 737 102 
S-242-9-0-ja A-i 31.1 14.4 366 10.5 16.0 46 1.15 52.0 359 737 102 

-19- A-i 26.5 14.4 366 10.5 16.0 46 1.15 52.0 .359 737 102 
-20- A-i 28.3 14.4 366 10.5 16.0 46 1.15 52.0 359 737 102 

S-243-9-0-j A-i 28.3 10.4 264 7.8 16.0 46 1.15 52.0 359 737 102 

-21- A-i 27.8 10.4 264 7.8 16.0 46 1.15 52.0 359 737 102 
-22- A-i 27.8 10.4 264 7.8 16.0 46 1.15 52.0 359 737 102 

S-221-0-0-i 8 34.6 19.4 493 14.0 16.0 46 2.53 66.4 458 737 102 
9222-0-0-la 8 34.6 16.4 417 12.0 16.0 46 2.53 67.2 463 737 102 
9-233-0-0-i B 30.6 13.4 340 10.0 16.0 46 2.53 65.8 454 737 102 
S-241-9-0-i 8 29.8 18.4 467 13.2 16.0 46 2.53 67.1 463 737 102 
S-242-9-0-1a 8 32.8 14.4 366 10.5 16.0 46 2.53 64.3 443 737 102 
9-243-9-0-i B 24.8 10.4 264 7.8 16.0 46 2.53 63.2 436 737 102 
9-221-0-0-i 4-2 31.5 19.4 493 14.0 16.0 46 1.34 52.0 359 737 102 

-2 4-2 27.8 19.4 493 14.0 16.0 39 1.34 52.0 359 737 102 
S-241-9-0-i A-2 28.2 18.4 467 13.2 16.0 39 1.34 52.0 359 737 102 

5242-9-O-la A-2 27.2 14.4 346 10.5 16.0 39 1.34 52.0 359 737 102 
S-243-9-0-i A-2 27.2 10.4 264 7.8 14.0 39 1.34 52.0 359 737 102 

Table B.22: Corner - Nonsymmetric Holes, Input Data, Radial Line Method 



square -  corner - nonsyrnrnetrical 

SLAB kyl kb Mb Mbal ktl kt 

kN rn/rn kN rn/rn 

Radial Line 

9-221-0-0-i. 7.91 5.08 8.0 16.9 6.26 6.26 

9-241-9-0-1 7.91 5.08 8.0 15.7 6.14 6.14 
-is- 7.91 5.08 8.0 15.7 6.14 6.14 

7.91 s.oe 8.0 15.7 6.14 6.14 
S-242-9-0-le 7.91 5.08 8.0 1.3.9 5.89 5.89 

--19- 7.91 5.08 7.9 1.1.9 5.58 5.s 
-20- 7.91 5.08 9.0 12.7 5.71 5.71 

8-24:3-9-0-1 7.91. 5.08 8.0 9,4 4.95 5.08 

--21-- 7.91 5.08 8.0 9.3 4.91 5.08 
--22-- 7.91 5.08 8.0 9.3 4.91 ç-ç 

S--221--0--0•--j. 7.91. 5.08 19.7 20.7 4.59 5.08 
S-222-0-0-la 7.91 5.08 19.8 :17.7 4.00 5.08 

0--I 7.91 5.08 18.9 :13.1 2.85 5.08 
S--241--9•-Q 1 '7.91 5.08 19.0 16.8 :3,95 5.08 
S-242-9-0-ja 7.91. 5.08 18.9 1.4.7 3.41 5ñ9 
S-243 -9-0-1 7.91.5.08 :17.2 8.3 c'.63 5.08 

S-221-0-0-1 7.91 5.08 9.3 18.8 6.1.9 6.19 

2 791 5.08 6.6 11.9 5,99 5.99 
S- 241--9--0--1 7c?j 5.08 . 6.6 11.4 5.90 5.90 
S-242-9-0-ja 7.91 5.08 6.5 8.8 s,;o 5.30 
9- 243-9-0-i 7.91 5.08 6.5 6.!; 4.40 5.08 

Table B.23: Corner - Nonsymmetric Holes, Constants, Radial Line Method 



SLAB 

Radial Line 

S-221--0-0-1 
S-241-9-0-1 

-15-
-16-

S-242-9-0-l a 
--:19--
--20-

s-24:3--9-O--1 
-21-
-22-

S-2 2 1- 0 - 0- 1 

S-222--O--0• 

8--241-9-0--i 
S-242-9-0-1 a 

S 243-
S--2.21--0-0-1 

S-241--9--0-i 
S--242-9--O--ia 
E3-243--9--0-i 

square - corner - nonsymmetrical 
F'vf 1 Fvf2. F'v+ Fvs Pp F'u 

kN ::N kN ;:N kN kN 

F U / F p 
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49.88 74.5 49.9 51.7 49.9 57.4 1_is 
49() 69 .5 48.9 48.8 48.8 48.5 0.99 
48.90 69.5 48.9 48.8 48.8 48.5 0.99 
48.90 ,9.5 48.9 48.8 48.8 47.6 098 
47.41 61.6 47.4 40.3 40.3 49.4 1.22 
44.21 52.5 44.2 37.2. 37.2. 47.1 1.27 
46.57 5.0 45 38.5 38.5 48.0 1.25 
40.60 41.6 40.5 :27.8 27.8 45.8 1. 65 

40.43 40.9 404 27.6 27.5 47.1 1.71 
40.43 40.9 40.4 27.5 27.5 6:LJ 1.87 
99.88 91.4 91.4 69.8 69.8 89.4 1.28 

100.78 78.3 78.3 59.0 55.0 85.2 104 
96.04 57.7 57.7 45.3 45.1 64.1 1.41 

96.63 74.2 74.2: 61.4 61.4 71.0 1.1 6 
96.21 65.0 65.0 50,4 50.4 72.7 1.44 

87.39 36.5 :36.5 31.7 31.7 56.5 1.78 
57.:30 83.2 67.3 56 .8 56 .8 4'7 ()75 

:39.31 52.8 39.3 462 :39.3 48.9 :1.24 
38.78 60.6 38.8 43.2 38.8 47.6 1.23 
.;47r) 38.7 -;47 3:3.2 :33.2 38.7 1.16 

33.24 28.8 28.8 24.0 24.0 38.7 1.61 

Average 1 .31 
Variance 0.08 

Table 1314: Corner - Nonsynunetric Holes, Predicted Values, Radial Line Method 



138 

Hole Pattern: Square - Corner - Nonsymmetrical 
SLAB Series c bo b b d rho fy s c 

ilPa in mm in in mm 7. ksj MPa mm mm 

60 Degree Cone Reduction Method 

S-221-0--O-.i 
S-241-9-0-1 

-13-
-16-

S_242_90_ 1 a 
-19-
-20-

S-243-9-0-1 
-21-
-22-

8-221-0-0-1 
5-222-0-0-la 
5-233-0-0-i 
5-241-9-0-I 
S-242-9-0-la 
8-243-9-0-1 
S-221-O-O-i 

-, 

S-241-9-0-i 
S-242-9-0-ia 
3-243-9-0-i 

4-1 28.2 20.2 513 15.0 16.0 46 1.15 32.0 359 737 102 
A-i 27.9 18.9 480 13.8 16.0 46 1.15 52.0 339 737 102 
A-i 27.9 18.9 480 13.8 16.0 46 1.15 52.0 339 737 102 
A-i 27.9 18.9 480 13.8 16.:) 46 1.13 52.0 359 737 102 
A-i 31.1 15.4 391 11.5 16.0 46 1.15 52.0 359 737 102 
A-i 26.5 15.4 391 11.3 16.0 46 1.13 32.0 339 737 102 

A-i 28.3 15.4 391 11.5 16.0 46 1.13 52.0 339 737 102 
A-i 28.3 11.9 302 9.3 16.0 46 1.13 32.0 359 737 102 
A-i 27.8 11.9 302 9.3 16.0 46 1.15 52.0 359 737 102 
A-i 27.3 11.9 302 9.3 16.0 46 1.15 52.0 359 737 102 
B 34.6 20.2 513 15.0 16.0 46 2.53 66.4 458 737 102 
B 34.6 17.9 45 14.0 16.0 46 2.53 67.2 463 737 102 

B 30.6 15.6 396 13.):) 16.0 46 2.33 65.8 454 737 102 
a 29.8 18.9 480 13.8 16.0 46 2.53 67.1 463 737 102 
B 32.8 15.4 391 11.5 16.0 46 2.53 64.3 443 737 102 
B 24.8 11.9 302 9.3 16.0 46 2.53 63.2 436 737 102 

4-2 31.5 20.2 313 15.0 16.0 46 1.34 52.0 359 737 102 
4-2 27.8 20.2 513 15.0 16.0 39 1.34 32.0 339 737 102 
4-2 28.2 18.9 48):) 13.8 16.0 39 1.34 52.0 359 737 102 
4-2 27.2 15.4 391 11.5 16.):) 39 1.34 52.0 359 737 102 
4-2 27.2 11.9 302 9.3 16.0 39 1.34 52.0 339 737 102 

Table B.25: Corner - Nonsyrn.rnetric Holes, Input Data, 60 Degree Method 



square - corner - rionsymmetrical 
SLAB kyl kb Mb Mbal ktl kt 

kN rn/rn kN rn/rn 

6C) Degree Cone 

S-221-O--0--1 7.91 5.08 8.0 18.1 6.37 6.37 
S-241--9-0--1 7.91 5.08 8.0 16.4 6.22 6.22 

-15- 7.91 5.08 8.0 16.4 6.22 6.22 
-16-- 7.91 5.06 8.0 16.4 6.22 6.22-

S-242-9-0-la 7.91 5.08 8.0 15.3 6.07 8.07 
-19- 7.91 5.08 7.9 13.0 5.78 5.78 

7.91 5.08 8.0 13.9 5.91 5.91 
S-2.43--9--O-1 7.91 5.08 8.0 11.2 5.43 5.4..:. 

-21-- 7,91 5.08 8.0 11,0 z.: 5.39 
--22-- 7.91 5.08 8.0 11.0 5.13 5.39 

S-22J.--0-0--1 7.91 5.08 19.7 22.2 4.81 5.08 
9-222-0-0--ia 7.91 5.08 19.2 20.7 4.56 5.08 
S--233--0--0--1 7.91 5.08 :1.8.9 17.0 4.02 5.08 
8-241-9-0--1 7.91 3.08 19.0 17.6 4.12 5.08 
S--242-9--0-La 7.91 3.08 18.9 16.1 3,80 5.08 
9-243 9-0-i 7.91 3.08 17.2 9.9 1.81 5.08 
S-•-221-O--O--1 7.91 5.08 9.3 20.2 6.31 6..1 

-2 7.91 5.08 8.6 12.8 8.12 6.12 
8-24i.--9-0-1 7.91 5.08 6.6 11.9 5.99 3.99 
S-242--9--0-la 7.91 5.08 6.3 9.6 5.53 3,53 
S-243-9-0-1 7.91 5,08 8.5 7.8 4.98 5.08 

Table B.26: Corner - Nonsymmetric Holes, Constants, 60 Degree Method 



SLAB 

60 Degree Cone 

square -- corner nonsymrnetric.i 
Fv'fl Pvf2 Fv-F Pvs Po Fu 

kN k N k N I:; N W  W 

S--221--0-0--1. 50.76 
S-244--9-0-1 49.51 

--15-- 49.51 
--16-- 49.51 

S-24290i 48.82 
-19-- 45.82 
--20- 47 .09 

S-243-9-0-1 43.31 
--21-- 42.92 
--22- .42.92 

S--221--0-0-1 99.28 
222-0-0- 1a 100.72 

96.04 
S--241-9--0--:L 96.63 
S•-24--9-->:)- 96.21 
S-243-9--0-i 87.39 
S-221 -0-0-1 58 . 35 

40.15 
8--241 9--0-i 
S-242:--9--0-i. 
8-243 c?....c>. :1 

39.35 
36 .19 
33.24 

79.8 
6 

72 .6  / 

72.6 
67.5 
57.5 
61 .4 
49..6 
43.8 
48.8 
97.9 
91.4 
75.0, 
77.6 
71.1 
-1..--.-, 

56.5 
52.8 
42.4 
34.3 

50.8 
49.5 
49.5 
49.5 
48 .8 fl r 
'*0 • C 

45.8 
47.1 
43 
42.9 • 7 

42 .9 
97 .9 
91.4 
75 . 0 
- 7--
I 

I ..... 

43.5 
58.4 
40.2 
:39.4 
36.2 
33.2 

Average 
Variance 

53,9 
50. 1 
50.1 
50. 1 
43 . 1 
39.8 
41 . 1 
31 . 8 
31.5 
31 .5 

72 . 7 
64.4 
32.8 
63.1 
339 

36.2 
59.1 
47 .1 
44.4 
• r:; 

27.5 

40 . 2 
Li. 

35 .5 
27.5 

57.4 
48.5 
48.5 
47.6 
49.4 
47 .1 
48.0 
45.2 
n.7 . I 'f I 

51 .6 
89 .4 

85.2 
64.1 
71 . 0 
72 . 7 
56.5 
42.7 
48.9 
47.6 
38 . 7 
38.7 

Pu/Pp 

140 

1.13 
0.98 
0.98 
C> . 96 
1.14 
1.18 
1.17 
1.44 
1. 50 
1.64 

1.32 

1.35 

1. 56 

0 73 
1. 22 
1. 21 
1. 09 

1.41 

1.22 
0.04 

Table B.27: Corner - Non.syrnmetric Holes, Predicted Values, 60 Degree Method 
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SLAB 
Hole Pattern: Square - Corner - Nonsymmetrical 

Series f'c bo b b d rho fy s c 

MPa in mm in in mm 7. ksi MPa mm mm 

90 Degree Cone Reduction Method 

S-221-0-0-1 A-I 28.2 20.6 523 16.0 16.0 46 1.15 52.0 359 737 102 
S-241-9-0-1 A-i 27.9 20.6 523 16.0 16.0 46 1.15 52.0 359 737 102 

-15- A-I 27.7 20.6 523 16.0 16.0 46 1.15 52.0 359 737 102 
-16- A-i 27.9 20.6 523 16.0 16.0 46 1.15 52.0 359 737 102 

9-242-9-0-la A-1 31.1 19.6 498 16.0 16.0 46 1.15 52.0 359 737 102 
-19- A-i 26.5 19.6 498 16.0 16.0 46 1.15 52.0 359 737 102 
-20- A-i ZS.3 19.6 498 16.0 16.0 46 1.15 52.0 359 737 102 

9-243-9-0-1 A-I 28.3 17.2 437 16.0 16.0 46 1.15 52.0 359 737 102 
-21- A-1 27.9 17.2 437 16.0 16.0 46 1.15 52.0 359 737 102 
-22- A-i 27.8 17.2 437 16.0 16.0 46 1.15 52.0 359 737 102 

9-221-0-0-1 8 34.6 20.6 523 16.0 16.0 46 2.53 66.4 458 737 102 
S-222-0-0-ia B .34.6 19.6 498 16.0 16.0 46 2.53 67.2 463 737 102 
S-233-0-0-1 8 30.6 17.2 437 16.0 16.0 46 2.53 65.9 454 737 102 
9-241-9-0-1 B 29.8 20.6 523 16.):) 16.0 46 2.53 67.1 463 737 102 
S-242-9-0-la 8 32.8 19.6 498 16.0 16.0 46 2.53 64.3 443 737 102 
S-243-9-0-I B 24.8 17.2 437 16.0 16.0 46 2.53 63.2 436 737 102 
9-221-0-0-1 A-2 31.5 20.6 523 16.:) 16.0 46 1.34 52.0 359 737 102 

-2 A-2 27.8 20.6 523 16.0 16.0 39 1.34 52.0 359 737 102 
S-241-9-0-1 A-2 28.2 20.6 523 16.0 16.):) 39 1.34 52.0 359 737 102 
9-242-9-0-la A-2 27.2 19.6 498 16.0 16.0 39 1.34 52.0 359 737 102 
S-243-9-0-1 A-2 27.2 17.2 437 16.0 16.0 39 1.34 52.0 359 737 102 

Table B.28: Corner - Nonsyrnmetric Holes, Input Data, 90 Degree Method 



square - corner - nonvrnrnetric1 
SLAB k yl kb Mb Mal :: t 1 k t 

kN rn/rn kN rn/rn 

90 Degree Cone 

S-221--0-o-1 7.91 5.08 8.0 19.3 6.4 6 6.46 
S- 241.--9-0-1 7.91 5.08 8.0 19.1 6.45 6.45 

--15- 7.91 5.08 8.0 19.1 6.45 6 . 45 

7.91 5.08 8.0 19,1 6.45 6.45 
8242-9-Q-ja 7.91 5.08 8.0 21.3 6.59 6.59 

-19- 7.91 5.08 7.9 18.1 6.38 6 . 3E.3 

-20- 7.91 5.08 8.0 193 6.47 6.47 

8-243-9-0--i 7.91 5.08 8.0 19.3 6.47 6.47 
-21- 7.91 5.08 8.0 19.0 6.45 6.45 
--22- 7.91 5.08 8.0 19.0 6.45 6.45 

7.91 5.08 19.7 23.6 5.00 5.08 
S-222--'Q•--O--la 7.91 5.08 19.8 2:3.6 4.98 s.00 

7.91 5.08 18.9 20.9 4.75 5.08 
8-241-9-0--I 7.91 5,08 19.0 20.4 4.65 5.08 
S-242--•9-0--1.E, 7.9:1. 5.08 18.9 22.4-1,96 5.08 
S-243-9-0-1 7.91 5.08 17.2 16.9 4.36 5.08 

7.91 5.08 9.3 215 6.41 6.41 
7.91 5.08 6.6 13.7 6.2.3 6.2... 

8-241-9-0-1 7.91 5.08 6.6 13.9 6.25 6.25 
S-242-9--0-1a 7.91 5.08 6.5 13.4 6.20 6.20 
8-243-9-0-1 7.91 5.08 6.5 13.4 6.20 6.20 

Table B.29: Corner - Nonsymmetric Holes, Constants, 90 Degree Method 



SLAB 
square -- corner - rionsyrnmetrjcal 

Pv-f1 Pv-F2 Fvf F'vs pp Pu Fu/pp 

90 Degree One 

S-221-0-0- 1 
S-24r-9-o-1 

--15--
-16 

S-V 4 2-9 -0- la 

- 19 -

-20-
S-243-9-0-1 

S-242-9-0-1 a 
S.... 243 9-0- 1 
S--221--0•--0-1 

- 

5-241-9-0-1 
P-242-9-0-l a 
S--2:42--9--0--

kN kN kN kN kN kN 

51.53 
51.37 
51... 
31.37 
52. 97 
50 . 56 

51.58 
5:1.38 
51.31 
51.31. 
•7•7 
nf\ r,r 

100 . 78 
96 . 04 
96 . 63 
94.21 
87 .39 

39.28 
40.89 
41.09 
40.57 
4(• 37 

85.1 
84.2 

/I 

84.2 
93.9 
80.0 
85.4 
85.4 
c. .-.. .. -f I..' 

83.9 
104.4 
104.4 
92.3 
89.9 
99.0 
74.8 
95.1 
60.3 
61.2 
59.0 
59.0 

51.5 
51.4 
51.4 
51.4 
530 
50.6 
51.6 
31.6 

.1. ,.J 
l4 

• 

51.3 
99-9 

100 .8 
92.3 

ç. 

96.2 
74.8 
59.3 
40.9 
41.1 
40.6 
40.6 

54.9 
54.6 
54.6 
54 . 6 

';; 

50.7 
52 .4 
45.9 
45.5 

63.8 
48.6 
52 .4 
60 .3 
48.0 
48.4 
45.2 
39.7 

51.5 
51.4 
51.4 
51.4 

.JL. • 

Li 

3,9.7 

57.4 
43.3 
48.5 
47.4 
49.4 
47. 1 
48.0 
45.8 
47. 1 
5 1 .6 .1. 

894 
85.2 
64.1 
71 .0 
72.7 
54,5 
42.7 
48.9 
47.6 
38 .7 
38.7 

143 

1.11 
0.94 
0.94 
0. 92 
0. 93 
0 . 9:; 
0.93 

1.21 
.I. 
4 '••i9 • ... i 

1. 10 

1.06 
I - 03 
0. 72 
.20 

1.16 
0.93 
0.98 

Aver 1 . a:; 
Variance 0.01 

Table B.30: Corner - Nousyrnrrietric Holes, Predicted Values, 90 Degree Method 



SLAB 

Radial Line 

03 
He, 

S-122-0-0-1 
-' 

S-124-0-0-1 

S-122-0-0-1 
S--124-0--0-1 
S-122-0--0-i 
8-124-0-0-1 

Code Equation 
Hole patterns square 

Serie +c bo 
- centreline - symmetrical 
d Pp Pu Pu/Pp 

MF'a in mm mm 

Reduction Method 

Moe 23.7 
Moe 28.4 
A-i 25.5 
A-i 27.0 
A-i 28.0 
A-i 30.5 
B '98 

In 
0 

A-2 29.8 
I- , 

i-i - • 

60 Decree Cone 

H:3 

8-122-0-0--i 
- I, 

S-124--0-0-1 
-', 

S-122-0-0-1 
5-124-0--CD-I 
S-122-0-0-1 
S-124-0•-0-1 

90 Degree 

H3 

S-122-0-0-1 
-' 

S-124-0--o-1 

S-1 22-0-0-1 
5-124-0-0-i 
S-122-0-0-1 
S-124-0-0-1 

41.0 
26.0 
16.4 
164 
104 
10.4 
16.4 
10.4 
16.4 
10.4 

i.1C>41 
66C> 
417 
417 
264 
264 
417 
264 
417 
264 

kN kN 

114 230.9 325.0 
114 160.5 246.0 
46 40.9 59.6 
46 39.8 53.8 

Reduction Method 

Moe 23.7 
Moe 28.4 
A-i 28.5 
A-I 27.0 
A-i 28.0 
A-1 30.5 
B 29.8 
B 30.2 

A-' '9,8 
A-2 29.3 

- ne 

46.0 
36.0 
18.4 
18.4 
14.4 
14.4 
18.4 
14.4 
18.4 
14.4 

I  168 
914 
467 
467 
366 
366 
467 
:366 
467 
366 

Reduction Method 

Moe 23.7 
Moe 28.4 
A-i 28.5 
A-i 27.0 
A-1 28.0 
A-i 30.5 
B 27.8 
B 30.2 

A-2 29.8 
A-2 29.3 

46.0 
36.0 
18.4 
18.4 
14.4 
14.4 
18.4 
14.4 
18.4 
14.4 

1,169 
914 
467 
467 
366 
366 
467 
366 
467 
366 

46 25.7 40.0 
46 26.8 45.8 
46 41.8 75.3 
46 26.7 67.4 
39 35.5 44.5 
39 22.3 40.7 

114 
114 
46 
46 
46 
46 
46 
46 
39 
39 

114 
114 
46 
46 
46 
46 
46 
46 
39 
39 

Average 
Variance 

259.1 
222 .2 
45-9 
44.7 
35.6 
37.2 
46.9 
37.0 
39.8 
30.9 

Average 
Var iance 

259.1 
,, I, 

45.9 
44.7 
35.6 
:37.2 
46.9 
37.0 
39.8 
30.9 

Average 
Variance 

325.0 
246.0 
59.6 
53.8 
40.0 
45.8 
75.3 
67.4 
44.5 
40.9 

325.0 
246.0 
59.6 

8 
40.0 
45.8 
75-3 
67.4 
44.5 
40.9 

Table 1331: Centreline - Symmetric Holes, Input Data 

144 

1.41 
1.53 
1.46 
1.35 •-:• 

1.56 
1.71 
1 . 80 
2.52 
1.25 
1. 83 

1.64 

0.1 2 

1.25 
1.11 
1. 30 
1.20 
1 . 12 
1 . 2:3 
1. 6o 
1. 92 
1.12 
4 . 
£ . 3 

1.31 
0.05 

1 . 2-5 
1.11 
1 . 

- ' 1.20 

1.12 
i. .2:3 
1 .60 
1.82 
1.12 
1.32 



SLAB 

Radial Line 

Code Equation 
Hole patterns square 

Series fc F'c 
- centreline 
bo' d 

PSI MF'a in mm mm 

Reduction Method 

H2 A-i Moe 3620 

Moe H4 3730 
Moe H5 3620 33.5 
Moe H9 3490 

H MOE' 1O 3620 
Moe Hil 3780 
Moe H14 3800 
Moe HiS 3390 

8-121-0-0--i A  4140 
A-i -2 3920 

SSS---111222222---000---000---111aaa A-" 1 4070 
A-i 3770 

-- S-i C)--0- I A--  4060 i 
4420 

S--121-1--0.9-- 4090 538 

A-i 



SLAB 

Code Equation 
Hole patterns square 

Series -f'c f'c 

60 Degree Cone 

H2 
H4 
H5 
H9 
H 10 
Hil 
H14 
HiS 
S- 121 - 0-0-1 

S-122-0-0-1a 

S-2 23-0-0- 1 

4-
S-121-0-0-1 

S-122-0-0-1a 
S-123--0-0-1 
S-121--0-c:-1 
5-122-0-0--ia 
S--123-0--0-1 
S-i. 21-1-0 9-

-2-i .8--
-3-2.7-
-3-2.. 7-
-3-2.7-

s-5 

--6-5.4-

Moe 
Moe 
Moe 
Moe 
Moe 
Moe 
Moe 
Moe 
A--1 
A-i 
A-i 
A-i 
A-i 
I-iI,. - 

A-i 
A-i 
A-i 
i-II' --. 

A-i 
A--i 
B 
B 
B 
B 

A--2 

A-2 

A-2 
A-
p. N ,- 

- 

A-2 
A -2 

A-2 

PSI 

- centreline - nonsymmetrjcal 
bo d Pp Pu Pu/Pp 

MPa in mm mm kN 

Reduction Method 

3820 
3730 
3620 
:3490 
3820 
3780 
3800 
3390 
4140 
3920 
4070 
3770 
4080 
4420 
4090 
4240 
4910 
4910 
4540 
4220 
4550 
4240 
4380 
4240 
4160 
3770 
4250 
3740 
3740 
4250 
4310 
3310 
4250 
4980 
4980 

25.0 
25.7 
25.0 
24.1 
25 .0 =.-- - 

26.1 
26.2 
23.4 
28 

Cr 

27.0 
28.1 
26.0 
28.0 
30.5 
"8.7 
"9.4 
33-9 
33.9 
31.3 
29.1 
31.4 
29.2 
30.2 
29.2 
28.7 
26.0 
29.1 
25.8 
25..8 
29.3 
29.7 
27. 0 
29.3 
34.3 
34.3 

51.0 
46.0 
41 .0 
5 1. 0  
52.9 
55..2 
51 .0 
i S-i () 

Cr4 - 

20.4 
20.4 
18.4 
18.4 
16.4 
16.4 
21. 2 

22.2 
23 .2 
23.2 
23 .2 
23.2 
20.4 
20.4 
18.4 
16.4 
20. 4 
18.4 
16.4 

23.2 
23.2 
21.2 

1 
1 
1 
1 
1 
1 
1 
i 

295 
.,168 
041 
295 
.344 
402 
.29S 
295 
518 
518 
467 
467 
417 
417 
538 
564 
589 
589 
589 
589 
518 
518 
467 
417 
518 
467 
417 
538 
564 
589 
599 
589 
589 
589 
589 

114 
114 
114 
114 
L .LII 

114 
114 
114 
46 
48 
46 
46 
46 
46 
48 
46 
46 
46 
46 
46 
46 
46 
46 
48 
39 
39 
39 
39 
39 
39 

39 

39 
3 9 

39 

295.1 
270.2 
237.2 
289.8 
306 . 1 
3 26 .4 7• ,-%/ 

302. 4 
285.8 
SC). 9 
49.8 
45.6 
43.8 
40.6 
Lt' 

52.6 
56.2 
63. 1 
63.1 
60,7 
58.5 
53.4 
51.5 
47.3 
41.4 
41.3 
37.2 
35.2 
42.7 
44.7 
49.8 
50.1 
47.7 
49.8 
53.9 
53.9 

Average 

329.2 
289.8 
249.5 
347.4 
351.4 
356.7 
.252.6 
344.7 

Var iance 

64.5 
Cr 
S-i 6.9 
41.4 
53.4 
44.9 
51.6 
41.4 
60.0 
69.8 
69.4 
64.9 
43.6 
71.2 
78.7 
73.8 
72.1 
51.2 
43.8 
43.6 
50 .7 
52.5 
46.7 
Cr 
S-ic,. 

50.3 
tr 

Cr 
S_is-i • C) 

58.3 
Cr 
S_i • 

146 

1.12 
1. 07 

.L.._, 

1. 20 
1.15 
1. 09 
0.84 
1.21 
1.27 
i-is 
0 . 91 
1.22 
1 1 

1.22 
1.17 
1 .0 7 

1.11 
1. 10 
1.07 
1.09 
1.33 
•l! Cr7 

1.16 

0.03 



SLAB 
Hole patterns square 

Series +'c +'c 
- centreline 
bo d 

- nonsyrnmetrjcl 
Pp Fu Fu/Pp 

PSI MF'a in mm 

90 Degree Cone Reduction Method 

H2 
H4 
H5 
H9 
H1C 
Hil 
H14 
HiS 
S--121--0-0--1 

S-122--0--0-ia 

S-1 23-0-0-1 

S-1 21-1-0.9-
-2-1.8-
-3-2.7-
-4-3.6-
-5-4.5-
-6-5.4-

S-121-0-0-1 

S-122-0-0-la 
3-123-0-0-1 
S-121 -0-0-1 
S--i22--0-0-1a 
3-123-0-0-1 
3-121-1-0.9-

-2-1.8-

-3-2.7-
_:r_ - 

-4-3.6-
-5--4 .5-
-6-5.4-

Moe 
Moe 
Moe 
Moe 
Moe 
Moe 
Moe 
Moe 
A-i 
A-1 
A-i 
A 
1•1 

A-i 
A-i 
A-i 
A-i 
A-i 
A-i 
A-i 
A-i 
B 
B 
S 
B 

A-2 
A-2 
A--2 
A-2 
A-2 
A-2 
A-2 
A-2 

3620 
3730 
3620 
3490 
3620 
3780 
380C) 
3390 
4140 
3920 
4()70 

3770 
4060 
4420 
4090 
4260 
4910 
4910 
4540 
4220 
4550 
4240 
4380 
4240 
4160 
3770 
4250 
3740 
3740 
4250 
4310 
3910 
4250 
4980 
4980 

25.0 
25.7 
25.0 
24.1 
25 .0 

1 
26.2 
23.4 
28.5 
27 .0 
28. 1, 
26.0 
28.0 
30.5 
28.2 
29.4 
33.9 
33.9 
31.3 
29.1 
31.4 
29.2 
30.2 
29.2 
28.7 
26.0 
29.3 
25.8 
25.9 
29.3 
29.7 
27.0 
29.3 
34.3 
34,3 

51.0 
46.0 
41.0 
51. 0 
54.9 
56.0 
51.0 
51.0 
20.4 
20.4 
18.4 
18,. 4 
16.4 
16.4 
21.2 
22.9 
23.2 
23.2 
23.2 
23.2 
20. 4 
20.4 
18.4 
16.4 
20.4 
18.4 
16.4 
21.2 
22.9 
23.2 

'r 

1,295 
1,168 
1, 041 
1,295 
1,394 
1,422 
J. 
I '1(=• 

y 

1,295 
518 
518 
467 
467 
417 
9.L / 
.1 4 7 

538 
582 
589 
589 
589 
589 
518 
518 
467 
417 
518. 
467 
417 
538 
582 
589 
589 
589 
589 
589 
589 

mm kN kN 

114 
114 
114 
114 
114 
114 
114 
114 
48 
46 
46 
46 
48 
46 
48 
46 
46 
46 
48 
46 
46 
46 
48 
48 
39 
39 
39 
39 
39 
39 
39 
39 
39 

39 

293.1 
270.2 
237.2 
289.8 
317.7 
331.1 
302.4 
285.6 
50.9 
49,6 
45.6 
43.8 
40.6 
42.3 
52.6 
59.0 
63. 1 
63.1 
60.7 
58.5 
53.4 
51.5 
47.3 
41.4 
43.3 
37.2 
35.2 
42.7 
46.1 
49.8 
50. 1 
47.7 
49.8 
53.9 
33 .9 r 

Average 

329.2 
289.6 
249.5 
347.4 
351.4 
354.7 
252.6 
344.7 
64.5 
56.9 
41.4 
53.4 
44.9 
518 
61.4 
60.0 
69.8 
69.4 
84.9 
63.6 
71.2 
78.7 
73.8 
72.1 
51.2 
43,6 
43.6 
50 .7 

Va riance 

52.5 
46.7 
58.7 
50. 3 
55.6 
58.3 
59.2 

Table B.34: Centreline - Nonsymmetric Holes, Input Data, 90 Degree Method 
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1.12 
1. 07 
1.05 
1.20 
1.11 
1.08 
0.84 
1.21 
1.27 
1.15 
0 . 91. 
1.22 
111 
1.22 
1. 17 
1.04 
i-li 
1. 101 
1.07 
1.09 
1.33 
1.53 
1.56 
1.74 
1.18 
J. 
I • L 4 I'7 

1.24 
1.19 
1.14 
0,94 
1.17 
1. 05 
1.12 
1 
.L. 

0.03 



SLAB 

Radial Line 

H12 
H1 3 

S-222-0-0-1 
S-224-0-0-1 
S-242-9-C)- 1 

S-244-9-0-i 

S-224-0-0-1 
8-242-9-0-1 

-17-
-18-

S-244-9-0- 1 

- 1 1 -10-

-23-
-24-

S-224-0-0-1 
S-242-9-0- 1 
S--244-9--0-1 

--

--4 
-10-0-1 
-1 1-0-1 

Code Equation 
Hole Pattern: Square - Corner - Symmetrical 148 

Series f'c bo d F'p Pu F'u/Fp 

MFa in 

Reduction Method 

Moe 
Moe 
B 
B 
B 
B 
B 
B 

A - 1 
A-i 
's- I 

-1P. _ 4 

P. 4 
1 .1. 

A-i. 
A-i 
A-i 
A 

A-2 
A-2 
A-2 
A-" 
A-2 
A-2 
A-2 
A-2 

27 8 
24.6 
30.7 
33.8 

.8 
29. 6 
24.8 
33 8 
28.3 
28. 1 

• 7 

26.5 
31 .0 
29.9 
28.9 
29:9 
29. 3 

"8." 
29. 2 

34.8 
32 .2 
30.1 
"9." 
29.2 
29 .7 

26.0 
16.0 
16.4 
10. 4 
14.4 
14.4 
6.4 
6.4 
10.4 
14.4 
14.4 
14.4 
6.4 
6.4 
6.4 
6.4 
6.4 

10 .4 
14.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 

mm mm <N kN 

660 114 
406 114 
417 46 
264 46 
366 46 
366 46 
163 46 
163 46 
264 46 
366 46 
366 46 
366 46 
163 46 
163 46 
163 46 
163 46 
163 46 
264 39 
366 39 
163 39 
163 39 
163 39 
163 39 
163 39 
163 39 

158.8 
91.8 
42.5 
28.2 
38.5 
36.6 
14.9 
17.4 
25.9 
35.7 
36.8 

'I 

16.7 
16.1 
16.1 
16.4 
16.2 
21.9 
30.3 
15.0 
14.4 
13.9 
13.7 
13.7 
13.8 

Average 

269.0 
201.0 
80.3 
70.6 
65.8 
65.5 
56.3 
59.8 
44.9 
48.5 
46.3 
49.8 
40.9 
42.3 
46.3 
42.7 
44.5 
44.5 
40.5 

Variance 

32.5 
53.8 
43.6 
40.9 
39. 1 
40 .0 

Table B.35: Corner Symmetric Holes, Input Data, Radial Line Method 

1.69 
2.19 
1.99 
2.50 
1.71 
1.79 
3.78 
3.44 
1.74 
1.36 
1.26 
1.44 
2.46 
2 . 

- C' 
L)d 

2.61 
2.75 
2.03 
1.34 
2. 17 
3.74 
3 . 

2.98 
2.85 
2.89 

2.37 

0.53 



SLAB 

Code equation 
Hole Pattern: Square - Corner - Symmetrical 

Series f'c bo d Pp Pu Pu/Pp 

MFa in mm mm kN kN 149 

60 Degree Cone Reduction Method 

'H12 Moe 27.8 
H13 Moe 24.6 

S-222--0--0-i 5 30.7 
S-224-0-0-1 B 33.8 
S-242-9-0-1 B 32.8 

-2 S 29.6 
5-244-9-0-i 5 24.8 

-2 B 33.8 
3-224-0-0--i A--i 28.3 
8-242-9-0-i A-i 28.1 

-17- A-i 29.9 
-18- A--i 26.5 

5-244-9-0-i A-i 31.0 
-ii- A-i 28.9 

A-i 28.9 
A-i 29.9 

-24- A-i 29.3 
S224-0-0--i A-2 28.2 

A-' 28.2 
5-244-9-0-i A-2 34.8 

' 

-3 A--2 30.1 
A-2 29.2 

-io-o-i A-2 29.2 
--11-0-1 A-2 29.7 

Table B.36: 

33.3 846 114 203.3 269.0 1.32 
21.0 533 114 120.5 201.0 1.67 
17.9 455 46 46.3 80.3 1.73 
13.4 340 46 36.4 70.6 1.94 
15.4 391 46 41.2 65.8 1.60 
15.4 391 46 39.1 65.5 1.67 
84 213 46 196 56 88 
8.4 213 46 22.8 59.8 2.62 
13.4 340 46 33.3 44.9 1.35 
15.4 391 46 38.2 48.5 1.27 
15.4 391 46 39.4 46.3 1.18 
15.4 391 46 37.1 49.8 1.34 
8.4 213 46 21.9 40.9 1.87 
8.4 213 46 21.1 42.3 2.00 
8.4 213 46 21.1 46.3 2.19 
8,4 213 46 21.5 42.7 1.99 
8.4 213 46 21.3 44.5 2.09 
13.4 340 39 28.2 44.5 1.58 
15.4 391 39 32.4 40.5 1.25 
8.4 213 39 19.6 32.5 1.66 
8,4 213 39 18.9 53.8 2.85 
8.4 213 39 18.3 43.6 2.39 
8.4 213 39 18.0 40.9 2.27 
8.4 213 39 18.0 39.1 2.17 
8.4 213 39 18.1 40.0 2.21 

Average 1.88 

Variance 

Corner - Symmetric Holes, Input Data, 60 Degree Method 

0.23 



SLAB 

90 Degree Cone 

H1 
H13 

S-222--0--0--i 
S-224-0-0- 1 
S-242-9-0-1 

- 

S-244-9--0-1 

S-224-0-0-1 
S-242-9-0-1 

-17-
-is-

5-244-9-0-1 
-11-•-
--10-

-24-
S-224--0-0--i 
S-242-9-c:--i. 
S-244-9-0-1 

-..4 
-10-0--i 
- 11 -0-1 

Code Equation 
Hole Pattern: Square - Corner 

Series f'c bo d 

MPa in mm 

Reduction Method 

Moe 27.8 
Moe 24.6 
B 30.7 
B 33.8 
B 32.8 
B 29.6 
B 24.8 

33 .8 
28.3 

A-i 28. 1 
A-i 29.9 
A-i 26.5 
A-i, 31.0 
A-i 28.9 
A-i 28.9 
A-i 29.9 
A-i 29.3 
A-2 28. 2 

A-'2 28.2 
A-2 34.8 
A-2 32.2 
A-2 30.1 
A-2 29.2 
A-2 29.2 
A-2 29.7 

40.0 
40.0 
19.6 
16.0 
19.6 
19.6 
16.0 
16.0 
14.0 
19.'6 
19.6 
19.4 
16.0 
16.0 
16.0 
16.0 
16.0 
16.0 
19.6 
16.0 
16.0 
16.0 
16.0 
16.0 
16.0 

1,016 
1,016 
498 
406 
498 
498 
4C)6 
406 
406 
498 
498 
498 
406 
404 
406 
406 
4c:)6 
406 
498 
406 
4c:6 
406 
406 
406 
406 

- Symmetrical 
Pp Pu F'u/F'p 

mm kN 

114 
114 
46 
46 
46 
46 
46 
46 
46 
46 
46 
46 
44 
44 
44 
46 
46 
39 
39 
39 
39 
39 
39 
39 
39 

244.2 
229.6 
50.7 
43.5 
52.4 
49.8 
37 .3 

43.5 
39.8 
48.6 
50.1 
47.2 
41.6 
40.2 
40.2 
40.9 
40.5 
33.7 
41.2 
37.4 
36.0 
34.8 
34.3 
34.3 
34.6 

Average 

Variance 

kN 

269.0 
201.0 
803 
70.6 
65.8 
65.5 
56.3 
59.8 
44,9 
48.5 
46.3 
49.8 
40.9 
42.3 
46.3 
42.7 
44.5 
44.5 
40.5 
32.5 
53.8 
43.6 
40.9 
39.1 
40.0 

Table B.37: Corner - Symmetric Holes, Input Data, 90 Degree Method 
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1.10 
0.88 
1 . S_I -  

1.62 
1.26 
1.31 
1=• 

1 .37 
1.13 
1 . 00 
0.92 
1.06 
0.98 
1.05 
1.15 
1.04 
1. 10 
1.32 
0.98 
0.87 
1 .50 
1.25 
1.19 
1.14 
1.16 

0.04 



SLAB 

Code Equation 

Hole Pattern: Square - Corner - Nonsymmetrical 
Series -f'c bo d Pp Pu Pu/Po 

MF'a in mm mm kN kN 

Radial Line Reduction Method 

S-221 -0-0- 1 
S-241--9-0-i 

--15-
-16-

S-242-9-0-la 
-19-
-20-

5-243-9-0--i 
--21-

S-221--0-0-1 
S-222-0-0-1 a 
S -233-0 -0 -1 'flr, --. 

8-241-9-0-i 
S-242-9-0-1a 
8-243-9-0-i 
8-221-0-0-1 

8-241-9-0-1 
8-242-9-0-ia 
8-243-9-0-1 

A-i 28.2 19.4 493 46 48.1 57.4 1.19 

A-i 27.9 18.4 467 46 45.4 48.5 1.07 
A-i 27.9 18.4 467 46 45.4 48.5 1.07 
A-i 27.9 18.4 467 46 45.4 47 .6 1. 05 
A-i 31.1 14.4 366 46 37.5 49.4 1.32 
A-i 26.5 14.4 366 46 34.6 47.1 1.36 

A-i 28.3 14.4 366 46 35.8 48.0 1.34 
A-i 28.3 10.4 264 46 25.9 45,8 1...... 
A-i 27.8 10.4 264 46 25.6 47.1 1.84 

A-i 27.8 10.4 264 46 25.6 51.6 2.01 
B 34.6 19.4 493 46 53.3 89.4 1.68 
8 34.6 16.4 417 46 45.1 85.2 1.89 

30.6 13.4 340 46 34.6 64.1 1.85 
B 29.8 18.4 467 46 46.9 71.0 1.51 
8 32.8 14.4 366 46 38.5 72.7 1.89 
B 24.8 10.4 264 -46 24.2 56.5 2.33 

A-2 31.5 19.4 493 46 50.9 42.7 0.84 
A--2 27.8 19,4 493 39 40.5 48.9 1.21 
A-2 28.2 18.4 467 39 38.7 47.6 1.23 
A--2 27.2 14.4 366 39 29.8 38.7 1.30 
A-2 27.2 10.4 264 39 21.5 38.7 1.8cD 

Average 1.50 
Variance 0.15 

Table B.38: Corner - Nonsymmetric Holes, Input Data, Radial Line Method 



SLAB 

Code Equation 

Hole Pattern Square - Corner - Nonsymmetrical 
Series 'F'c bo d Pp Pu Pu/Pp 

MPa in mm mm kN kN 

60 Degree Cone Reduction Method 

5-221-0-0-1 A-i 28.2 20.2 513 46 50.1 57.4 1.14 
S-241-9-0-1 A-i 27.9 18.9 480 46 44.7 48.5 1.04 

--15- A-i 27.9 18.9 480 44 44.7 48.5 1.04 
-16- A-I 27.9 18.9 480 46 44.7 47.4 1.02 

S-4-9--1 A-i 31.1 15.4 391 46 40. 1 49.4 1 .23 
-19- A-i 24.5 15.4 391 46 37.1 47.1 1.27 
-20- A-i 28.3 15.4 391 46 38.3 48.0 1.25 

3-243-9-0-i A-i 28.3 11.9 302 44 29.4 45.8 1.55 
--21- A-I 27.8 11.9 302 46 29.3 47.1 1.61 

A-i 27.8 11.9 302 46 29.3 51.6 1.76 
S--221-0-0-1 B 34.6 20.2 513 44 55.5 89.4 1.61 
S--222-0-0-la B 34.4 17.9 455 46 49.2 85.2 :1.73 
3-233-0-0-1 B 30.4 15.6 396 46 40.3 64.1 1.59 
S-241--9-0-i 8 29.8 18.9 480 44 48.2 71.0 1.47 
S-242--9-0-ia B 32.8 15.4 391 46 41.2 72.7 1.74 
S-243-9-0-1 B 24.8 11.9 302 46 27.7 54.5 2.04 
3-221-0-0--i A-2 31.5 20.2 513 46 53.0 42.7 0.81 

-2 A-2 27.8 20.2 513 39 42.2 48.9 1.16 
S-241-9-0-1 A-2 28.2 18.9 480 39 39.8 47.4 1.20 
S-242-9-0-la A-2 27.2 15.4 391 39 31.8 387 1.22 
3-243-9-0-1 A-2 27.2 11,9 302 39 24.4 38.7 1.57 

Average 
Variance 

Table B.39: Corner - Nonsymmetric Holes, Input Data, 60 Degree Method 

1 .38 
0.09 

152 



SLAB 

Code Equation 

Hole Pattern: Square - Corner - Nonsymmetrical 
Series •fc bo d Pp Pu Pu/Pp 

MPa in mm mm kN kN 

90 Degree Cone Reduction Method 

153 

A-i 28." 20.6 5"3 46 51.1 57.4 1.12 
S-"41-9-c-1 A-i 27.9 20.6 523 48 50.9 48.5 0.95 

-15- A-i 27.9 20.6 523 46 50.9 48.5 0.95 
-16-- A-i 27.9 20.6 523 46 50.9 47.6 0.94 

S-242-9--0-la A-i 31.1 19.6 498 46 51.1 49.4 0.97 
-19- A-i 26.5 19.6 498 46 47.2 47.1 1.00 
-20- A-i 28.3 19.8 498 46 48.7 48.0 0.99 

S-243--9-0-1 A-i 28.3 17.2 437 46 42.8 45.8 1.07 
-21- A-i. 27.8 17.2 437 46 42.4 47.1 i,li 

A--i 27.8 17.2 437 46 42.4 51.4 1.22 
S-221--0--0--1 .8 344 20.6 523 46 56.4 89.4 1.58 
S--222-0-0--la B 34.8 19.6 498 48 53,9 85.2 1.58 

8 30.4 17.2 437 46 44.5 64.1 1.44 
S-241--9-0-1 8 29.8 20.4 523 46 52.8 71.0 1.35 

S-242--9-0-la B 32.8 19.6 498 48 52.5 72.7 1.39 
S-24.-9-0-i 8 24.8 17.2 437 48 40.0 56.5 1.41 
S-221-0-Q-i. A--2 31.5 20.6 523 48 54.0 42.7 0.79 

-2 A-2 27.8 20.6 523 39 43.0 48.9 1.14 
8-241-9-0-1 A-2 28.2 20,6 523 39 43.3 47.6 1.10 

8-242-9-0-la A-2 27.2 19.6 498 39 40.5 38.7 0.96 
S-24.-9-0-1 A-2 27.2 17.2 437 39 35.5 38.7 1.09 

Average 1.15 
Variance 0.05 

Thble B.40: Corner - Nonsymmetric Holes, Input Data, 90 Degree Method 



Square Holes on Column Centreline 
Symmetric Hole Pattern 

360 

300 

240i 

180 

1204 

60 

± 

± 

+ Radial Line Method 

- ....-.-.--.-.-. 1• 

0 60 120 180 240 300 360 

Pp (kN) 

Figure B.1: Centreline - Symmetric Holes, Radial Line Method, Long's Eqn. 



Square Holes on Column Centreline 
Symmetric Hole Pattern 
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Figure B.2: Centreline - Symmetric Holes, 60 Degree Cone Method, Long's Eqn. 



Square Holes on Column Centreline 
Symmetric Hole Pattern 
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Figure B.3: Centreline - Symmetric Holes, 90 Degree Cone Method, Long's Eqn. 
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Square Holes on Column Centreline 
Nonsymm,etric Hole Pattern 
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'Figure B.4: Centreline - Nonsymmetric Holes, Radial Line Method, Long's Eqn. 
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Square Hoies on Column Centreline 
Nonsymmetric Hole Pattern 
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Figure B.5: Centreline - Nonsynimetric Holes, 60 Degree Cone Method, Long's 

Equ. 



Square Holes on Column Centreline 
Nonsymmetric Hole Pattern 
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Figure B.6: Centreline - Nonsynirnetric Holes, 90 Degree Cone Method, Long's 



Square Holes on Column Corners 
Symmetric Hole Patterns 
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Figure B.7: Corner - Symmetric Holes, Radial Line Method, Long's Eqn. 



Square Holes on Column Corners 
Symmetric Hole Patterns 
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Figure B.8: Corner - Symmetric Roles, 60 Degree Cone Method, Long's Eqn. 



Square Holes on Column Corners 
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Figure B.9: Corner - Nonsymmetric Holes, 90 Degree Cone Method, Longs Eqn. 



• Square Holes on Column Corners 
Nonsymmetric Hole Patterns 
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Figure B.1O: Corner - Nonsymmeric Holes, Radial Line Method, Long's Eqn. 
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Figure B.1 1: Corner - Nonsymmetric Holes, 60 Degree Cone Method, Long's Equ. 



Square Holes on Column Corners 
Nonsymmetric Hole Patterns 
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Figure B.12: Corner - Nonsyrnmetric Holes, 90 Degree Cone Method, Long's Eqn. 
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