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ABSTRAC1 

This thesis discus~es the structural performance of 

slab-column connections contalhing misplaced top reinforcement 

before and after repair. A series of shear and moment transfer 

tests were performed. "The efJfects of degree of mlsplacement 

on the cracking behavlour, ~~ad-deflection response and 

ultimate capacity are studied. The effectlveness of a 

structural topping repair m~thoà was also examlned. In 

additIon, the results of thlS experimental programme are 

compared with the companion direct punchlng shear tests and 

flexural tests conducted by Lee (see reference 13). 

From the test results, it i8 concluded that' a decrease 

in effective depth results in a reduction in shear and flexural 

capacities as weIL as flexural stiffness, and also an increase 

in crack widths. A small reduction in effective depth fr?m 

the proper position would lead to a large and signiflcant 

decrease in shear capacity. The structural topping repair 

method effectively improyed the overall' structural performance. 
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RESUME 

Cette thèse se propose d'étudier la performance 

structurale des joints dalle-poteau dont l'armature du 

haut est mal placée, avant et après la réparation. Une 

série d'essais sur le transfert du cisaillement et du 

moment fléchissant ont été effectués. Les effets du mauvais 

placemen , degrés, sur le phénomène de fissura-

\ d'f . c arge- e ormatlon et sur la capacité 

L'efficacité de la méthode de 

réparation au structural a aussi 

été examiné. De plus, les résultats expér imenta ux de ce 

programme sont comparés à ceux des essais compagnons de 

cisaillement direct par effoncement et des essais de flexion 

effectués par Lee (void la référence 13). 

A partir des résultats expérimentaux on conclut 

qu'une réduction de la hauteur efficace entra/1ne une 
1 

réduction de la résistance à l'effort tranchant, de la 

résistance à la flexion et de la r"igidité en' flexion, ainsi 

qu'une augmentation de la largeur des fissurations. Une 

petite réduction de la hauteur efficace peut entraîner 

une impQrtant~ diminution de la ré~istance au cisaillement. 

La méthode de réparation au moyen d'un recouvrement struc-

tural a efficacement amelioré le comportement structural 

dans son ensemble. 
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CHAPTER 1 

l NTRODUCTII ON 

It is weIl known that the effective depth of reinforcement 

is one of the maJor parameters WhlCh slgniflcantly affects the 

overall structural Derformance of a slab system. A decrease ln 

the effective depth due to mlsplaced reinforcement could not 

only lead to possIble servIceabIlity and durability problems, 

but al?o, to a reduction of the flexural, one way shear and 

punching shear strengths~ There have been man y examples of 

unacceptable serviceability, local fallures and even total 

structural collapses due to the effects caused by mlsplaced 

reinforcement. A very recent collapse of a five-storey, flat

plate structure in Florida l~ WhlCh mlsplaced reinforcement 

contributed to the failure is descrlbed in references 14 a~d 

15. Since punching shear failures are brlttle and have led ta 

several collapses, it is particularly vital to gain more 

knowledge of the effect of misplaced reinforcement on the 

punching sh~ar strength of slab-column connections. 

1 
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Although the ACI 2 and CSA 9 codes give tolerances of 

relnforcement placement of the order of ±8 mm for usual slab 

thickness, it has been foùnd16 from fIeld InvestigatIons that 

the average varIatIon of the Insitu effectIve depth measured 

to ~he top bars is of the order of ±lO mm. The engIneer does 

not usually directly account for su ch a varIatIon of effective 

depth in the design of slabs. 

The engIneer may be confronted wIth a situatIon where 

reInforcement has been mIsplaced, that is, the varIatIon of 

effectIve depth is beyond the code tolerances. If the top 

reinforcement ln the column region is misplaced suéh that a . 
signIficant reduction of effective depth results, then the 

engineer must determine the effect of the m~splacement on 

both the flexural and punching shear capacitles of the slab. 
~ 

The present codes (References 2 and 9) provlde a ratIonal 

and accurate method for predIctlng flexural strength WhICh can 

easIly be used to also predlct the effects of mIsplacement on 
~ 

the- flexural capacIty, the punching shear capacIty however can 

only be calculated by empirlcal equations that may not be 

accurate when extended to predlct the punchIng shear strength 

of slab-column connections contalning mlsplaced steel. 

2 



In order to ~rovlde desIgners wlth sorne guidance for 

determinlng the effect of mlsplaced reinforcement on the 

s~rviceabillty and strength as weIl as offerlng guidance on 
1 

the repair of such slabs, experimental programmes were conducted 

at McGi11 UniversIty. Previous research wcirk carried out by 

Lee13 had studled the behavlour and repair of 

improperly placed r~inforcement. A 

punching shear tesJs were performed. 

series o'~ 

slab~ contalnlng 

fleJural and 

In addition, the 

effectiveness of two repaIr methods, one with a structural 

topplng and one with extra bars epoxled lnto grooves cut in 

the top surface of the slab were examined. 

The research work presented in this thesls is a 

co~tlnuation of Lee's work wlth a Vlew to studylng the 

behaviour of slab-column connections transferring bath shear 

and moment and having various degree of misplacement of 

reinforcement. The effect of Ivarying the effective depth· of 

top reinforcement on the safety and serviceability of slabs 

lS 'examined. One of the spe~imens contalning misplaced top 
c 

reinforcement was repaired wIth a structural topping ln order 

to investlgate the effects of thlS repair on the structural 

performance. The test results of this investIgation are 

compared with Lee's results in order to study the effects of 

, 
o 
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degree of misplacement and the effects of repalr on the 

behaVlour of slab-column connections subjected to shear and 

shear combined with moment transfer. 

, . 



CHAPTER 2 

CRITICAL STAGES OF SLABS DURING AND AFTER CONSTRUCTION 

This chapter discusses the dlfferent loadlng condltions 

imposed on a slab structure during the construction stages and 

during the serVlce life of the structure. 

2.1 Design Loading Conditions of the Slab During Servlce 

t:J 

During service, the loads superimposed on a slab are 

assumed to be its service live'and dead load. Wlth the 

multlplication of each service load by appropr1ate load 

factors, the des1gn load lS obtained. As spec1fied ln 

t 2 
section r9·~,2 of ACI 318-77 Code , this load is equal to 

\ 
\ 

1.4 tlmes tfue dead load plus 1.7 times the Ilve load. 
1/ 

, In 

{~-\ 
~~~ \ 

des1gning\§1 ab-col umn connections, the ACI 318-77 

slab provisions require a consideratlon of both un1form 

and pattern grav1ty loads. For most prkctical situatlons 

the effects of factored serV1ce pattern loading lS less 

critical for interior columns than for exterior colu~ns. 

For'interior columns, uniform loading, that is dlrect 

punching shear usually governs the design. Slabs are 

usually des'igned for the factored service loads w,i thout 

consider1ng the loads imposed durin~ the construction 

stages. 

5 
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2.2 Estimated Loading Conditions during Construction ~tages 
, 

/ 
During constructIon, ~oads sustalned by each floor" 

1 

slab would depend on the following factors 6 :-

(1) The number of levels of shores and reshores, 

1 (2)- The constructIon cycle, 
1 

(3) The relati:ve stiffness 

and (4) The rate of strength gaIn of the concrete 

wIth age, temperature and hUffiIdIty. 

In order to simplify the problem of estlffiatlng the 

constructio~ loads acting on each floor, different 

constructIon stages of ,shorlng are descrIbed ln the next 

Sections. Reference 6 provides a summary of studles of 

fIat slab structures during construction. 

2.2.1 Stage 1 - Loads T~ansmitted Directly to the Foundation 

Through Shores 

Fig. 2.1a shows the first construction stage which 

involves provisIon of shores that support aIl the finished 

floors. The total constructIon loads lncludlng the 

welght of each slab are directly transffiltted to the 

foundation through the shores. At thlS stage, slabs 

are subJected to virtually no loading. 



(a) Stage 1 - Loads Transmitted Directly to the 
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Fig. 2.1 - Different Construction Stages of Shoring 
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2.2.2 Stage 2 - Removal ôf First Floof 

After the slabs have gain!d 

Shores 

sufficient strength, the 

simultaneous removal of the ~hores ln the first floor 

requires,that each individual floor slab carry 

approxirnate~y its own dead weight (see FIg. 2.1b). Ir 
shores of one span are rernoved weIl before those in 

adjacent spans, this can cause significant unbalanced . , 
moment. The loading induced from su ch an operation could 

be damaging. This could be a more serious problem if 

the slabs.contain ~isplaced reinÎorcement. 

2.2.3 Stage 3 - Typical Upper Floor Sho~es and Reshores 

The third construction stage, as shown in Fig. 2.1c 

ha~ the shores and reshores in the first storey removed, 

while concrete is being placed on the top floor. At this 

stage, the construction loads are dlstributed through 

shores and reshores and shared -between a number of 

supporting floors in direct proportional ta their 

" stiffnesses. 
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Current construction .practice consists of a 

sequence of concrete placement which usually progresses 
, .. 

from one side of the structure to the othe~ side. As 

illustrated in Fig. 2:1c, this wIll cause significant 

moments to be transferred at the slab-column connections 

along the column l1ne at'the loadlng edgé of the concrete 

placemênt. As the placement proceeds, the load pattern 

changes causing direct punching shear at the connection 

which previously had to transfer moment. 

Unlike the pattern grav1ty loading at the service ~. 

stage as ~escribed ear11er, a study uSlng simplified 

12 
ana~yses of, loads on slabs has revealed that the 

effects of the construction ~tage loading can be more 
J 

~ critical than the factored service load1ng. ThlS lS 

particularly true for fIat plate structures which 

co~only have relatively low live load/dead load 

r~tlos. The pattern loadlng caused by the concrete 

placing sequence IS usually ignored. In fact the 

shorlng and reshorlng is usually des1gned assuming a 

unlform gravit y loading during construction. 

r -

9 
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2.2.4 Estimated Maximum Construct10n Load 

'In order to get a reasonable estimation of the 

maXImum loading on the supportlng slabs during 

construct1on, the deSIgn requlrements for a number of 

levels of shoring and reshor1ng are considered. The 

4 ~ 

formwork standards reported by ACI committee 347 

recommend that the maximum load Imposed on a slab 

during construction be equal to or l~ss than the slab 

capac1ty as determined by the design load and the 
() 

concrete strength at the tlme of stripping and shoring. 

Actual field measurements during constructIon together 

with analyses6 indicate that ev en if proper shoring 1S 

provided, the construction loads ~mposed on a flopr 

slab may appreciably exceed the design loads (l.e. 

the factored load for which the slab is designed). 

This increased load d~ring the construction stages 

together with the reduced capacity of'the slabs due 

tO,partiql curing of the concrete during different 

stages of construction often produce the most cr1tlcal 

design stage in the life of a slab structure: 

10 
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2.3 Shear Strength of Slabs Designed Using ACI 318-77 

• .=' 
'!il 

The above studies predict that many slabs would fail 

during construct ion. However, i t is ob'served in pract iee 

tha t" in fact, tq~y dG not fail nor do they sh0w signs of 

severe damage. This can be explained by the fact that the 

calculated ultimate shear strength of a slab-column 

connection using the empirical design equations given in 

AC! 318-77 is not necessarily a good indicatioh of the ~ 

actual capac~ty of the eonnection. The design equation, 

given by both ACI 318-711 and ACI 318-772 for calculating 

the limiting shear stress at a distance d/2 away from the 

column face was chosen to provide a lowe; bound10~11 for the 

scattered test results and a lQw~6 bound for large ratios 

of column dimensiqn to effective depth, c'/d. Fig. 2.2 

shows the calculated nominal shear stress at failure for 

a large number of, experimental resul ts. This figure is 

taken from reference 7; in which research concerning the 

'shear strength of slabs is summarized. It 1s aiso worth 

noting that mest of the results falling below the ACI 318-71 
~. ) 

provision are for specimens wi th high concrete strengthsr; 
? ~ 

ring ~einforcement ~n1y, or a very low percent age of 

r~inforcement7. For typical slab systems the inherent 

conservat~sm6 contained in the ACI 318-77 expression is 

estimated ta be at least 1.4. 

\ 
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'Fig. 2.2 - Relationship Between VTEST/bd~ 
and cri d for Specimens Loaded Through 
Square or Circular Areas (from re~~~nce 
7) 
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2.4 Effect of Construction Loading on Slabs wlth Mlsplaced 

Reinforcement 

Wi th this inherent extra "safety factor", typical 

slab systems WhlCh are properly designed and weIl 

constructed woul& rarely have structural strength 

problems. However, for slabs containing lmproperly 
~ 

placed top reinforcement, the resultlng reductlon af 

shear strength could partlally or tGtal~y ellmlnate 

thlS lnherent "safety factor". This mlsplacement could 

therefore lead to structural demage or collapse. 

Fig. 2.3 ln comparing sorne posslble loading 

condltions actlng on typlcal slabs emphasizes the 

severlty of th~constructlon loads. The severlty of 

the constructiJn loading is aggravated by the rapid 

construction techniques which lead to early re~oval of 

shores and resh~res, and often lack proper inspection 

before placing concrete and durlng the constructl0n 

stages. If ln additlon to these problems the relnforcement 

in the slab is misplacect: then the consequences could be 

disastrou~~ In particular lf the effectlve depth of 

the top reinforcement lS reduced then a brlttle punching 

shear failure may occur. 

• 
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(a) Service Stage 

MAX PERMISSIBLE 
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(b) Construction Stage 

DL 
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Fig. 2.3 - Comparison of Possible Loading 
Condi tions at Service Stage and 
Construction Stage 
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The early signs of misplaced top reinforcement 

which usually appear during cons~ruction are significant 

sagging of the slab and severe Jracking1arOUnd the column 

regions. In particular, slabs with misplaced top 

reinforcement exhibit severe cracks which radlate out 

from the column13 on the top surface of the slab. 

The loading conditions in Fig. 2.3 emphasize the 

need to appreciate the effects of misplacement of 

reinforcement on both the direct punching shear strength 

15 

and on the strength of slab-column connections transferring 

shear and moment. It is important to realize that each 

slab-column connection is subjected to both types of 

loadings during different stages of construction and. 

that any structural damage is accumulated as the 

construction progresses. 

, 
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CHAPTER 3 

EXPERIMENTAL PROGRAMME 

This chapter describes the test speCImens, the materlal 

properties, the test set-up, the Instrumentation, and the 

loading method. 

3.1 Test Specimens 

The experIments consisted of a serIes of slab-column 

specimens subjected to shear and moment transfer. The 

first three speCImens Si, S2 and S3,had IdentIcal 

geometry and Identlcal amount of reinforcement wlthln 

the moment transfer reglon wIth the onlY.lntended 

variable being the position of the top relnforclng mat 

in the thickness of the slab. Since these speCImens 

were cast at different tImes the concrete strength 

varied. The slab .thickness for aIl speCImens was 150 mm. 

\ 
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Specimen SI had the top relnforcement placed such 

that the clear concrete cover was 20 mm. This speCImen 

was the control specImen wlth the steel placed ln Its 

proper locatIon and havlng a con crete cover correspondlng 

9 to the specifled cover ln the code . Specimens S2 and 

S3 had the top steel mats placed such that they had 

concrete clear cover of 65 mm and 90 mm respectlvely. 
d 

These two speCImens represented slab-column connections 

having dlfferent degrees of mlsplacement. 

Specimen RS2, ln Its unrepalred condItIon, was 

Identlcal in every respect (except for the concrete 

strength) to speclmen S2. The purpose of thlS speCImen 

was to study the repalr of a slab-column connectlon 

Wlth misplaced relnforcement. 

Fig. 3.1 shows1the geometry of the test specimens 

and the test set-up. A photograph of a speCImen before' 

testing IS given ln Fig. 3.2. A typical specimen 

consisted of a 2300 mm square slab supported by a 225 mm 

square column. The column was hinged and laterally 

restrained at the top and the bottom. The columns had 

--, 
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Fig. 3.2 - Specimen Before Testing 
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a 30 mm concrete cover and were reinforced Wl th 8 #15M 

deformed bars, three on each side to resist the axial 
• • 

load ,and the bending caused by the transfer of moments 

through', the slab-col umn connect ion. The col umn tles 

consistedlof 8 mm dlameter reinforcing bars. They were 

placed 75 ~ apart outside the region of the slab. 
- 1 

The slab was 150 mm thlck, with 18 #15M reinforcing 

bars being placed ln each direction. To allow proper 

transfer of moments from the slab to column, a 

concentration of top reinforcement in the immedlate 

column region was provlded. The details of the top 

reinforcement layout are given ln Fig. 3.3 and 3.4. 

Specimens S2 and S3 had extra top reinforcement added 

at the edges of the slab ta increase the flexural 

resistance of each speCImen and ta prevent general 

flexural yieldlng. In order to provide proper end 

anchorage, the top bars were welded at each end to a 

50 mm x 50 mm steel angle WhlCh was embedded in the 

concrete arourtd the perimeter of the slab. FIg. 3.5 

shows the details of the welded connection. Propertles 

of the test specimens are given in Table 3.1. 

20 
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Fig. 3.4 - Layout of Top Reinforcing Bars 

Fig. 3.5 - Top Bars Welded ta Edge Steel Angle 



" • Shear and HOlent Transfer testsl 
--

Specllen CaveT dav fc' Vn Vexp Vn/Vl!xP COlIIents 
Il u "pa kM kN 

51 20 111 39.6 160.5 235.9 1.17 
S2 65 69 36.3 H.3 157.8 2,12 
53 90 11 33.6 39.6 130.0 3,28 
RS2 65 69 unrepa~r conditIon 

20 163 35.'1 Z08. B' 276.'1 1.01 'toPPlng' repaH 

PUnChlng Shear Tests (Reference 13)1 

PSt 20 11'1 25.0 257.0 '10~.'1 1.57 
P52 65 69 35.1 160.0 252.'1 1. 58 
PS3 90 '11 39.9 99,0 218.1 2.51 
PS2AR 65 69 unrepalr condItion 

20 163 27.8 '113.0 196.9 1.13 'toPPlng' repan 
PSZBR 65 69 unrepalr conditIon 

6 131 25.8 30'1.0 391.'1 1. 30 'groove-epoxy' 
repaH 

Note: For aIl shear and 10lent transfer test Spl!CllenS 
fy = 160 Hpa for aIl t15" 

& fv ~ 110 "pa for aIl t10M 
For aIl punchlng shear test SPI!CllenS 

fv = 337 "pa for aIl t15H 
& fy = 503 "pa for aIl 110" 

1 Dead wel9ht of slab of each speCllen was taken Into account. 
It i5 estuated to be equal to 18,6 kM for shear and tOlent • 
transfer test specuen's and 11.1 ~H for PlJnChlng shear test 

. , 
1 

Table 3.1 - Details of Test Specimens and Comparison of 
Predicted and Measured Capacities 

--~ .. -
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Ta provide proper support for the top reinforcing 

mat, continuolis high chans made from 4 mm diameter bars 

were used (see Fig. 3.6)~ This form of support conformed 

with the Concrete Rein~rcing Steel Institution Standards8 . 

Before the placing of the concrete and after testing, 

the effecti ve depth of tbe principal rèinforcement for 

each specimen was carefupy measured .. Due to the 

special care taken during the construction, the actual . ' 

location of the steel bars were within 2 mm of tbe 

desired location. 

The bottom reinforcing steel mat coU'sisted of 

6 #10M bars in each direction as shown in Fig. 3.3. 

Two of these bottom bars in each direction pass'ed 

through the col umn. They acted as tempera ture and 

shrinkage reinforcement and also provided tension 

capacity on the bot tom surface of the slab which is 
, 1 

s6metimes needed when large moment tra'nsfers are 

present. 

24 
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The slab thickness and column size as weIl as the 

percent age of reinforcement within the moment transfer 

region were chosen to be identical to Lee's13 test 

speçimens. This was done in order to make a comparison 

of both sets of experimental results possible. 

3.2 Loading Arrangement 

Loads were applled by means of hydraulic' jacks placed 

below -the strong floor. Ta control, measure and apply the 

,1'" loads, three hydraullc pumps (Pl, P2 and P3), four load 

cells (Cl, C2, C3 and C4) and SIX jacks (JI to J6) were 

used. They were arranged as shawn ln Fig. 3.7. One pump, 

Pl, contralled the load at the east and wes~sldes, while 

the other two contralled the south and no~th sldes. Wlth 

two la ad spreading beams (see Fig. 3.1 and 3:2) placed 

across the east and west sides of the slab, a total of 0 

eight point loads were applied to the top surface of the 

.slab. For each load step, the applied loads were identlcal-

at the south, west and east sides, while a larger load was 

applied at the north side. These loads were transferred by 

26 

high strength steel tension rads to 300 mm dlameter clrcular 

bearing plates on the top slab surface, thus producing shear 

and unbalanced moment around the column. 
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3.3 Loading Path and Loading Sequence 

Flg. 3.8 shows a shear vs. unbalanced moment 

interaction diagram. ThIS InteractIon dlagram has been 

non-dimensionalized by dlvldlng the applled shear, V, by 

the pure punching shear strength, Vo and also by 

dividlng the total applled unbalanced moment, M, by the 

pure unbalanced moment correspondlng to shear fallure 

around the column, Mo. 

A loading path was chosen such that the connections 

would be subjected ta considerable moment transfer. The 

path chosen is halfway between the pure, punchIng shear 

case and the pure moment transfer case ds shawn ln FIg. 

3.8. 

The speCImens were designed using a concrete 
~ 

compressive strength of 30 MPa and a steel yleld strength 

of 400 MPa. The moment to shear ratio, calculated for 

the chosen geometry and materlal propertles and assumIng 

a conc~ete cover of 20 mm, was 0.29 m. ThIS eccentrIclty 

of loading which corresponds to the loading path shown in 

Fig. 3.8 was used for aIl four specimens. In determInlng 

the loads to be applied, the dead wei~ht of the slab was 

taken into account. 

28 



The loading was divided lnto several load steps. 

Jo achieve the loadlng condition for each step, loads 

were aoolied in the followlng sequence" First, using 
1 

load cell readings, the pump pressure controlllng the 

east and west sldes was raised by a small amount to a 

desired value. ThlS laad was malntained untll the 

deflectlon stabilized, and then~ the same procedure 

was repeated for the north slde follawed by the south 

side. Finally, the load cell reading~ correspanding 

ta the applled load on 'each side were checked. ThlS 
(~ .. J \ 

é.) 

procedure was repeated up to fallure of the ppeclmen. 

3.4 Instrumentatlon 

AlI electronic data was recorded and stored by a 

data acquisition and mlnl-computer system. The reduced 

data is given in Aopendix A. 
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3.4.1 Deflections 

Deflectlons of the slab relatlve to the column were 

measured by four LIoear Vo1tage Dlfferential Transformers 

~ttached to a steel frame WhlCh was clamped to the sldes 

of the column Immedlately above the slab. The locatIons 

of these transformers are shown in FIg. 3.9 and ln the 

photograph in FIg. 3.2. In addItion, dl al gauges below 

the slab measured the movement of the bottom of the 

slab relatIve to the calumn near the column face in 

arder ta determIne when punchIng had occurred (see 

Fig. 3.9). 

3.4.2 Conc~ete Stralns 

SIX 30 mm electrical resistance straln gauges were 

placed on the bot tom surface of the slab ln order to 
1 

measure the strain distributIon in the slab around the 

colurnn peripheries. The locatIons of these gauges are 

shown in Fig. 3.10. 

() 
30 
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Fig. 3.9 - Locatlons of Deflectlon Gauges 
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Fig. 3.10 - Locations of Concrete Straln Gauges 
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3.4.3 Steel Strains 

AlI specImens contalned twelve electrical 

resistance strain gauges, wlth gauge Iength of 10 mm gn 

the #15M reinforcing bars as shown ln FIg. 3.11. While 

the repaired specimen, RS2 contained eight addltional 

straln gauges on the additlonal #10M relnforclng bars. 

The locatIons of these gauges~are also shawn ln FIg. 3.11. 

:) 

3.4.4 Load Measurements 

In additjon to the pressure gauges on the three 

hydraulic systems, four load cells positloned as shown 

in FIg. 3.7 were used to check the loadlng. 

3.5 Loadlng and Repalr of SpecImen RS2 

Specimen RS2, which was Identlcal ln ItS unrepalred 

condition ta specImen S2, was repalred wlth an addltlonal 

structural concrete topplng 45 mm thlck WhlCh contalned 

18 #10M reinforclng bars ln each direction (see FIg. 

3.'11) . In arder ta facllltate the repalr of the top 

surface of the slab the loading distrIbutIon beams shown 

in Fig. 3.1 and Fig. 3.2 were placed .below the slab. 

" ! 
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A high-modulus, high-strength, moisture-lnsensltlve 

< 
epoxy adheslve was used as a bonplng agent between the 

eXlsting concrete and the tOPPlng. Prlor to ItS 

18 appllcatlon on the speclmen, a compresslon test ,for 

determlning bond strength of epoxy-resln system, as 

specified by ASTM C882 19 (Amerlcan Society for Testlng 

and Materials) was carrled out ln a simllar environment 

to that of the speclmen. The cyllnder wlth the Inclined 

epoxy Interface before testlng lS shown in FIg. 3.12. 

This test was performed to ensure that sufflclent bond 

strength of the epoxy could be reached seven days after 

the placement of the concrete topping. The cyllnder 

failed in shear parallel to the epoxy Interface at a 

calculated shear stress of 7.6 MPa. The repaIr procedure 

lS described as folloWs. Flrst, specimen RS2 was loaded 

,in its unrepalred conditlon to the deslgn serVIce dead 

load having the same moment to shear ratio as the other 

specimen. This service load was calculated from 

34 
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Fig. 3.12 - Compression Test of an Epoxy Resln 
Bonded Core 
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where ultlmate design capaclty of 

speCImen SI, wIth the ]oadIng 

condItIon following the previously 

assumed load path 

5"= ratIO of serVIce dead load to the 

deSIgn ultimate load 
Î 

(/ 
wd ( 

0.43) = CTa;ken as 
1.4 wd + 1. 7wl 1 

i 

" 

wd = serVIce dead load 

W l = service lIve load . 
': 

After the deslred load was reached, the ram of 

each jack was mechanlcally locked in pOSItIon to hold 

the deflectlons constafrt. The, slab speCImen was then 

properly supported ta slmulate the OperatIon of 

.reshoring. 
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The repair was made two days after the lnltlal 

Ioading. During this perlod of time, observations of 

the Ioad cell readings indlcated that the locklng 

scheme was effeptive. 

Prlor to the appIlcation of the epoxy resln! the 

slab surface was roughened using a small bush hammer 

to lmprove the bonding surface. The surface was then 

wire-brushed, air-blown and wet-cleaned. ' In ffilxing 

and placlng the epoxy, the manufacturer's recommendations 

were strictly followed. Partlcularly precautlons were 

taken ln c?nsolidating ~he topplng concrete to dlsturb 

the layer of resin as llttle ~as possible. Fig. 3.13 

shows the bush hammer and the epoxy coatlng of the top 

surface of the slab. '. 

1 
1 
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Ca) Application of Bush Hammer 
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( 
(b) Application of Epoxy Coatin~ 

Fig. 3.13 - Topping ,Repair 



CHAPTER 4 

EXPERIMENTAL RESULTS 

This chapter first discusses the cod~ provisions for ~ 
\ 

shear combined with unbalanced moment and then presents the 

experimental results for the specimens Si, S2 and S3 together 

with the results for the repaired specimen RS2. 

4.1 Code Strength Equations 

Before examining the test results, a brief review 

of the present ACI code provisions for determining the 

·shear strength of slab-column connections tra~sferring 

moments is presented. 

The commentary to the ACI code 318-773 , has adopted 

the followlng expressions for determining the maximum 

factored shear stress at the critical section of an 
. 

interior column (see Fig. 4,.1). For convenience aIl of 

the expressions have been expressed ln SI units. 

r.' .' 
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"u(Aal = Vu + Yv My CAB 
(/J Ac (j) Je 

(4.1 ) 

"u (CD) = Vu li Mu CCP 
C/J Ac (Jj Je 

(4.2) 

where = maximum factored 'shear stress. 

Vu = (0.17 + 0~~3) ff'c 
but "not greater than 0.33Jf': c 

pc = ratio of long side to short side of 

the column 

(/J = strength reduction factor = 0.85 for shear 

fIc = specified compressive strength of concrete, 

MPa 

~ = factored shear force 

Mu = factored unbalanced moment 

1 -
1 + ~ 

3 

1 
(4.3) 

Ac = area of concrete of assumed critical 

section 

= 2d( Cl + C2 + 2d) for a rectangular column 

~ = property of assumed critical section 

analogous ta the polar moment of lnertla 

= d(CI + d)3 + (Cl + d)d 3 + d(Cz+ d),(Cl + d)2 
6 6 2 

for a rectangular column 

" 
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Fig. 4.1 - Moment Transfer for Linearly Varying 
Shear Stress (from reference 7) , 
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4.2 Load Deflect ion Responses 

The load-deflection responses of specimens SI, S2 

and S3 and the repaired specimen RS2 are shawn in Fig. 

4.2. In thlS figure the total shear fore~, V, is plotted 

against the deflec t ion, b. , measured a t the locatIon 

halfway between the loading points on the north s,Ide. 

AlI the specimens f ailed in shear. l t can be seen tha t', 

for specimens Si, S2 and S3, the decrease of ef f eet ive 

depth resul ting from the sImulation of mlsplacement of 

reinforcement from 114 mm to 69 mm and 44 mm results ID 

a significant decrease in the shear capaci ty and flexural 

stiffness. Shear capacity measured from the experIments, 

v , and the nomInal shear strength, Vn , ca'lculated exp 

according to AC! 318-77 provisIons, are shown in Table 

3.1 for this invest Iga t ion and for the punchlng shear 

tests performed by Lee13 . It can be seen that the ACI 

predictions uSlng the actual average effectIve depth are 

conservative for aIl thé specimens. 

-, , 
~ 

/ 
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Fig. 4.3 compares the non-dlmensionallzed shear 

vs. moment Interactions wIth the experlmental values 

for the pure punching tests and for the shear and 

moment transfer tests. These comparlsons are made 

for the three dIfferent effective depths. It can be 

se en that the ACI approach uSlng the actual POSItIon 

of the reinforcement becomes more conservative as the 

effective depth reduces. 

SpeCImen SI, with the larger effective depth 

failed in a brIttle manner. At fallure the top bars 

ripped out of the top concrete cover and the load 

dropped off signIficantly. While the specimens with 

the smaller effectIve depths (S2 and S3) dlsplaced a 

more ductIle fallure. 

The difference in the load-deflection response of 

specimen S2 before and after repair can be s"een ln FIg . 

4.2. A slgnificant improvement of shear capacity and 

flexural stiffness was achieved by the toppIng repaIr. 

Table 3.1 indicates that the ACI method conservatively 

predicts the shear strength of the repaired specImen 
, , 

calculated using the larger effective depth measured to 

the centre of the addItion al mat of reinforcement used 

ln the repaira 
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4.3 Cracking Behaviour 

Plots of the shear versus maXImum crack widths glven 

in Fig. 4.4 show that Increases in concrete cover (and 

the corresponding decrease-In effective depth) result ln 

larger maximum crack wldths at aIl levels of loading. 

As the load Increased, a drastlc increase of crack 

width for speCImens with the small effectIve depths was 

observed. Table 4.1 was prepared ln order to assess 

the effect of "mlsplacement" of reinforcement on the 

crack widths at service loads. For each speCImen 

tested by dirrct shear and by shear combined wIth moment 

transfer, the approXlmate service load shear was 

calculated by determlnlng 0.6 times the ACT predicted 

nomInal shear capacity and using th~ effectIve depth 

corresponding to proper placement (i.e. clear cover = 

20 mm and average effectlve depth = 114 mm). The 

service shear was calculated using the measured concrete 

strength for each specimet;l: As expected "misplaced" 

reinforcement leads to an increase ln crack wldths at 

service load levels. The direct punchlng tests gave 

larger Increase in crack wIdths than the combined loading 

tests for the same degree of "misplacement". The ACI 

Commentary3 limit on crack width is 0.4 mm for interlor 

exposure. 
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qppro. 1 Hax. ACI lliu t 
Speclien Co ver dav fc ServIce Crack on Crack 

5hear Ihdth Ihdth 
Il Il l'Ipa kH llil It 

Shear and Hotent Transfer Tests 

51 20 11i 39.6 96 0.06 
52 65 69 36.3 92 0.32 O.i 
53 90 ,H 33.6 89 0.58 

RS211 20 1~3 35.~ 91 halr hne 

PVnChlng Shear Tests (Reference 13) 

PSt 20 IH 25.0 151 0.23 
PS2 ~5 69 35.1 182 1.20 
P53 90 H 39.9 195 falled o.~ 

P52ARII 20 163 27.8 162 0.08 
PS2BRn 6 131 25.8 156 0.08 

1 ApprOXllate serVIce shear taken as 0.60 tlles the calculated nOllna1 
shear uSlng ACI approach and leasured concrete strehgth for each 
speCllen and aIso uSlng the effectIve depth assullng proper placelent 
(le. cover = 201. and effectlye depth = l1il') 

Il Repaired specilens artel' repaH 

Table 4.1 - Comparlson of Measured Maxlmum Crack 
Wldths and ACI Limit at Servlce Load 
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Figure 4.5 shows the crack patterns for the 

specimens S1, S2 and S3 at the approxlmate service 

load. Specimen S1, with 20 mm cover, showed an 

orthogonal 

of the top 

pattern of cracks which followed the Ilnes 
~ 

relnforcement, while spec~méns S2 and S3, 
,/ 

with larger covers, developed radial and tangentlal 

cracks around the columns. ThIS clear dIfference in 
( 

the crack pattern could enable early recognitIon of 

misplaced top reinforcement in slabs. Fig. 4.6 glves 

close-up photographs of the three speCImens comparing 

the crack patterns near the column after failure. 

ThIS figure emphaslzes the differences ln the crack 

patterns. 

The repaired specImen, RS2, exhiblted a marked . -
decrease of maximum crack width for âll load levels 

after the topping repair. Table 4.1 compares the 

maximum crack widths before and after repair for the 

direct shear test performed by Lee and the combined 

loading tests of thlS Invest~gation. 1t is important 
, ,1 

to reallze tha t the ~:lpecImens to be repaIred were 
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first loaded ,to load corresponding to approxima te the 

serVIce dead load. The repair was then made which 

consisted of a topping repair for specimens RS2 and 

PS2AR, while extra bars were placed in epoxied grooves 

cut in the top surface of the slab for Lee 1 s specimen 

PS2BR. It can be seen f rom Table 4.1 tha t these 

,repair methods slgnificantly improved" the cracking 

behaviour., Only very small maXImum crack wIdths were 

observed a t the load approxIma tely correspondlng to 

service dead load plus serVIce live load. FIg. 4.7 

compares the crack patterns for specimen RS2 before 

repair under service dead load and after repair at 

ul tima te. The in i tial cracking wh ich cons~sted of 

cracks radiating from the column be~ore repair changed 

to an orthogonal crack pattern similar to the pattern 

for specimen S1 after repair. Bath specimens 81 and 

RS2 after repair had identical ca~érete clear covers 

of 20 mm for the topmost reinforcement. 

-, 
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and after repair 
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Observations befor~ and after repairing of specimen 

RS2 showed no signs of shrinkage cracks or delamination 

at the topping interface. oThe cracks evident at the 

edges of the slab, as shown in Fig. 4.8, which had 

developed vertically across the topping and slab 

. interface without interruptlon indlcate that good bOQd 

between the topping and the slab was attained . 
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CHAPTER 5 

EVALUATION AND REPArR RECOMMENDATIONS FOR 

SLAB-COLqMN CONNECTIONS CONTAINING MISPLACED 

REINFORCEMENT 

ThIS chapte~ discusses sorne of the practicâl Impllcatlons 

of the research programme on slab-column connections containing 

misplaced reinforcement and sUbJected to dlrect shear and 

combined shear and unbalariced moment. 

5.1 Inspection for Possible Misplacement of Reinforcement 

In inspectlng a structure during and after 

construction, the englneer should be made aware of 

excessive deflectlons or unusual cracking. An 

orthogonal cracking pattern with cracks above 

rein forcing bars and having small crack widths IS 

usually an indication that the steel has been properly 

placed. 
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A cracking pattern WhlCh has wlde cracks radlatlng 

from the column lS an early slgn of posslble mlsplacement 

of the top reinforcement in the column regions. Since 

the misplacement of the top relnforcement could lead to 

a premature brittle punching shear fallure, the need of 

early recognition of this defect cannot be o~eremphasized. 

A recent structural collapse of the condomlnlum ln 

14 Cocoa Beach, Florlda lS an excellent example of the 

need for early detection of this serlOUS problem. The 

collapse of thlS five-storey flat-plate structure 

during construction was attrlbut'ed to underdeslgn for 

punching shear as weIl as the mlsplacement of the top 

reIn'forcement 25 mm lower than needed ta satisfied the 

minimum cover requirements. It is worth noting that 

during the investlgation of thlS serious collapse an • 

interview with a worker revealed that he had se en 

15 
cracks which he had described as "spider cracks", 
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It is essential for engineers to appreciate that 
! 

a "spider-llke" cracking pattern which consists of 

radiatin~ cracks particularly in the column reglons 

may be an early warning of possible misplacement of 

reinforcement. 

Means of determining the posItIon of reInforcement 

in slabs are described in references 13 and 16. 

5.2 Evaluation o~ Service Performance and UltImate Strengths 

58 

of Slab-Column ConnectIons Contalning Misplaced Reinforcement 

Fig. 5.1 compares the experimental shear-moment 

Interaction dlagrams for different posItions of 

reinforcement with the predicted interaction dlagram 

uSing the ACI approach for a speCImen with the 

reinforcement ïn its proper place (i.e. clear cover of 

20 mm). Fig. 5. ~ demonstra tes tha t "direct punching" 

shear is more sensitive to "misplacement" of relnforcement 

than the case of shear çomblned with transfer of moment. 
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Fig. 5.1 - Effect of Misplaced Relnforcement on 
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However for bath cases the "misplacement" of reinforcement 

can eliminate the inherent extra factor of safety. It is 

important ta keep in mlnd that the loading conditions 

during construction may be more severe than that for the 

completed structure. 

Fig. 5.2 compares the ratio of the experimental shear 

capacity divided by the nominal shear capacity, Vexp/Vn , 

Wl th the degree of "mlsplacement" of the relnforcement. 

The degree of misplacement is expressed as the ratlo of the 

actual average effective depth, d, ta the average effectlve 

depth,. d 20-, as~uming a 20 mm cover and # 15M bars. This 

experimentally ~etermlned relationshlp has been plotted for 
1 

) 

60 

pure punching shear tests and for the tests of shear comblned 

with unbalanced moment. These experiments have a column 

dimension ta average effectlve depth ratio, c/d20 , of 1.97. 

An addition experimental value was obtained from the direct 

shear test reported in Reference 17. This specimen had an 

overall slab thickness of 175 mm, an actual clear cover of 

30 mm, #15M bars, a 300 mm square column and had a concrete 

strength of 45.5 MPa. This particular specimen had a c/d20 

ratio of 2.16. Also shown in Flg. 5.2 are the predictions 

using the ACI approach for both the direct punchlng tests 

and for the combined loading tests. It can be seen that 

the ACI approach gives conservative predictlons of the 

strengths of aIl the specim~ns studled. 
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Fig. 5.2 shows that there IS a large decrease ln 

capacity resulting from small decreases ln effectlve 
~ 

dept~~ For the punching ~he~r tests a 10 percent 

reduction in effective depth, d20 , results ln a 48 

percent reduction of shear capacity. When the steel lS 

greatly misplaced with say an average effectlve depth 

which is less than 50 percent of d 20 then further 

decreases in effective depth seem to give very small 

reductions in capacity. 1t is also noted that the pure 

punching test results are below the comblned loadlng 

test results. 

Fig. 5.3 gives the relationship between the ratlo of 

experimental moment capacity ta nomlnal flexural strength, 

1 M lM, versus the effectlve depth ratlo, d/d 20 . The exp n 

experimental points were obtalned from one-way flexural 

tests from Reference 13. Also shawn is the predlctlon 

of flexural capacities using the AC1 flexural strength 
9 • 

approach. The predictlons are very accurate for the 

full range of effective depths. The fact that the 

ultimate flexural ~heory is more rational than the 

empirical approach for punching shear is apparent when 

Fig. 5.2 is compared to FIg. 5.3. 1t can be seen that a 

reduction of 10 percent in effective depth results ln a 

18 percent reduction ln flexural capacity. 

62 



\ 

\ 
\ 

J 

A comparison of Fig'. 5.2 wi th Fig. 5.3 indica tes 

that for the more usual range of possIble misplacement . 
the punching s~ear capacity is more sensItive than the 

flexural capacity to the actual placement of the 

reinforcement. 

If the variations of placement of réinforcement 

16 
in actual slabs are ± la mm ,then for relatively 

thin slabs (e. g. 150 mm) ·this could lead to a 10 

percent reduction in d/dio and a corresponding drop 

of 48 percent of punthing shear capacIty. Thus the 

misplacement of reinforcement can be qUlte serious 

for thin slabs. 

Fig. 5.4 shows the experimental variation of 

strehgth, expressed non-dimensionally, versus the 

effective depth d/d
20

. The experimental curve was 

chosen as the punchIng shear limlt since it was more 

severe th an the combined loading test results over 

the practical range of steel placement. Also shown 

are the code tolerance for placement for the specImen 
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tasted. If the effective depth rat10 exceeds 1.07 thed 

the concrete cover lS too small~and may result in 

problems of corrosion protection and durability. If the 

effective depth ratio, d/d20 , is lower than 0.93 then 

the steel is classif1ed as being m1sp~aced. As can be 

seen from Fig. 5.~ there is considerable reserve of 

stréngth over the predicted strength for this tolerance 

limit. In the r4nge of effect1ve depth ratios lower 

than 0.93 serviceab1lity problem such as exceSS1ve 

cracking or excessive defle~tions may result. For 

effective depth ratios less than 0.82 there are 

def1nite strength and serviceability problems. 

Fig. 5.4 also shows the degree of misplacement and 

the severlty of loading" for two structures that have been 

weIl documented in the literature. The first example lS 

13 for an industrial garage, flat-slab structure , sltuated 

near Montreal. This structure had a severe case of 

misplacement of top reinforcement in which the maximum 

concrete c~~er was measured to be 222 mm instead of 20 mm. 

, ' , , 
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This resu,lt~ in a _effectlve depth ratio calculated ta be 

0.39. The applied shear force ta the nominal shear 

capacity ratio, V/V, was estimated ta be 0.34. Field 
n 

investigations indicated a significant degree of cracking 

with cracKs as wide as 1.6 mm. The largest cracks occurred 

on the top surface around the column in a "spider-like" . ' 

pattern. ThIS extreme cracking is to be expected for this 

severe misplacement. However, the garage structure did 

not collapse as the code equations would predict. 
If. 

The second relevant example is the five-storey, flat

plate condominium structure in Cocoa Beach, Florlda14 

collapsed during construction. This structure was 

thoroughly investigated by NatIonal Bureau of Standards 

(NBS) . 15 The NBS investigative team reported that "The 

effective depth is found to fall in the range of 4.97 to 

5.35 in. (126 ta 136 mm) " 'lat the col umn strIp, and "The 

value of d = 5.3 in. (135 mm) is assumed ,in the subsequen~ 

calculation of stresses in the structure. Generally, 

these stresses are somewhat on the low side because the 

assumed ct for the slab is high at most of the cOlum~s~ 
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" The effective depth Qf 126 mm was chosen for calculating 

the effective depth ratio in Fig. 5.4 and the severity of 

loading corresponding to the analysis of the constructIon 

stages. The effectIv~ depth ratIO and V/V ratio were 
n 

ca{culated to be 0.78 and 0.91 respectively. The 

experimental curve predIcts that the structure is very 

c19se to fallure under the construction loading. As 

mentioned previously, large cracks with a "spider-like" 

crack pattern were observed prior to collapse. 

Fig~ 5.4 can be used as alguide in estimating the 

shear capacities of slab-column connections WhICh are 

similar to the specimens tested. In evaluating the 

strengt~ of ili;'c'olumn connectiops tha t are qui te 

different from the test specim~ns used to prepare Fig. 
t) 

5.4 it would be necessary ta carry out punching shear. 

tests to determine the effect of misplaced reinforcement . 

.. 

5.3 Repair of Slabs Containing Misplaced Reinforcement 

If the evaluation of the structure Indicates that 

repair is necessary due to misplaced relnforcement then. 

the choice of the repair method will depend on the 

following conditions. 
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, a) Reinforcement misplaced in man y regions over a large area 

.. 

of the slab 

If the top or bottom reinforcement is misplaced such 

that the sfrength or serviceability is Inadequate over a 

large region then a practical repair method could consist 

of adding a compos~te structural topping. The adherlng 

surface should be p~perl.y prepared and epoxied to ensure 
,> '] 

proper adherence (see Reference 5). 

Th~ structural topping ln the negatlve moment reglons 

should contain an adequate amount of reinforcement to 

properly control cracking and to provide an increased 
Ci ' 

effective depth, to increase the punching shear capacIty 

and the flexural capacIty. Fig. 5.5 summarizes the effects 

of repair using a structural topping for direct punching 

shear and for shear combined wlth moment transfer. The 

strength of specImens PS2 and S2 containing mlsplaced 

reinforcement is underestimated by the current code 

" 

procedures. Specimens PS2AR and RS2 were identical to 

specimens PS2 and S2 before repaire The significant 

strength increases after repalr with a structural topping 

is evident in Fig. 5.5. It can be seen that the ACI 

approach assuming that the average effective depth measured 
, 

-) 
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to the topmost layer' of the :teinforcement ln the topping • 

gives good predictions of the capacities. This method 

can be used to increase the flexural capacity and the 

punchlng shear capaci ty as weIl as improving the 

serviceability performance. Also shown ln Fig. 5.5 are 

the predi'ctions and the experimental results for the two 

specimens with the steel ln the proper location. These 

70 

two specimens provide a means of comparing the effectlveness 

of repair with specimens wi th 'steel properly place-d. 

If,it is necessary to increase the flexural strength 

ln positive moment reglons, when applYlng the topping 

repair procedure the increased effectIve depth would 

result in an increase in flexural resistance. It is 

necessary to add temperature and shrInkage relnforcement 

in the topping due to the differential shrinkage between 

the topping and the original slab. 



'. 

b) Topreinforcement misplaced only at a few locations 

If the too relnforcement has been misplaced or ends 

up being misplaced after concrete placement due to lack 

of support at only a few column locations then it rnay be 

economical to consider a dlfferent repalr procedure. A 

repair procedure which may be used in these Clrcumstances 

-13 
was investigated by Lee . The repair conslstect of 

placlng extra top bars in grooves cut Into the top surface . . , 

of the slab and then fllling the grooves with an epoxy 

mortar. It was demonstrated that thlS repalr procedure 

successfully increased both the flexural capacIty and 

7l 

the punching shear capacIty. f In additIon the serviceablllty 

was significantly improved. As with the topplng repair 

technique, the fIexural capacity can be calculated using 

the effective depth measured to the topmost layer of 

reinf9rcement and the punching shear capacity can be 

calculated assumipg the average effective depth measured 

to the topmost layer of steel. 

This methofi of repalr rnay also be necessary if for 

sorne reason the slab thickness cannot be increased. 

/ 
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CHAPTER 6 

CONCLUSIONS 

The purpose of thlS experimental programme was to 

investigate the effect of misplaced reinforcement on the 

punching shear capacity of slab-column connections 
, 

transferring moment. In addition the effectiveness of a 

structural topp~ng repair method was also examlned. The 
(' 0 

results from this experimental programme together with the 

companion direct punching shear tests performed by Lee 

enabled an investigation of a wide range of loading conditions. 

A study of the behaviour of the experIments together 

with analysis of the results led to the following conclusIons. 

1) The reduction of the effective depth due to mîsplaced 

reinforcement (i.e. placed beyond the code tolerance) 

could very likely lead to inadequate serviceability 
\, , 

performance and strength deficiencies. It is shown 

that the reduction of flexural and shear strengths 

due to misplaced reinfqrcement combined with the 

severe loading conditions duri\g construction 

lead to total structural COl.lap~ .~ .... "", 
could 

- ----.---------
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2) The test results show that a decrease in effect1ve 

depth led to a reduction in shear and flexural capac1ties 

a~ as flexural 

tfgether with Lee's 

stiffness. This test series 

thesis results ind1cate that a 

small reduction in effectivë depth from the proper 

position led to large and significant decreases 1n 

shear capacity. MIsplacement of the reinforcement 
• 

led ta a change of crack pattern from orthogonal to 

a radial or "spider-like" crack pattern and a 

corresponding increase of maximum crack wIdth at aIl 

loàd levels. This marked difference in CraCkIng 

pattern could enable e~rly recognItion of the eXIstence . 
of misplaced reinforcement in slabs: 

3) Although the ACI Code provision provide a conservat1ve 

prediction of shear strength of normal slab-column 

connections, it does not offer an accurate method of 

determlning the punching shear strength of slabs 

contalning misplaced relnforcement. 
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4)' The experimental results when compared wlth the 

5) 

13 direct punching shear tests performed by Lee 

indlcate that misplaced reinforcement gives a larger 

reduction in capacity for the dlrect shear tests 

than for the tests with shear combined with moment 

and for the flexural tests. 

For the range of loading condltions studied, the 

specimens repaired using the topping repalr method 

show significant improvement of their overall 

structural performance leadi~g to satisfactory 

serviceaoility and adequate strength. ,The AC! 

318-77 code method conse~vatively predlcts the 

shear capaClty of the repalred specimens. The 

increase in the effective depth provided by the 

extra reinforcement with the additional concrete 

topping proved to be effective. 

/ 
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9) The structural topping repair method provides a 

procedure for general repair of a slab requiring 

structural improvement over a large area. The 

method of-embedding top bars into grooves cut in 

the slab with epoxy mortar provides a possible 

means of providing more local repair of a slab 

which requires structural improvement in spec1fic 

are a only. 
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NOTATION 

= area of critical section 

= perimeter of laaded area or column 

= clear concrete caver 

= side length of square column or dlameter of 

circular column 

= width of torsion face of column (Fig. 4.1) 

= width of transverse face of column (Fig. 4.1) 

= distance from centrold of critical section ta 

transverse face of critical section (Fig. 4.1) 

1 . 
= average effective depth 

= average effective depth of specimens with 20 mm 

concrete cover 

... 1' 

~ concrete cylinder compressive strength 

= yield strength of reinforcement 

= polar moment of inertia of critlcal sectlon 

--- ----. 
\J 
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M 

Mo (20) 

M'exp 

Mn( 20) 

Mu 

Pu 

v 

Vn 

Vn(20) 

\ 

= applied unbalanced moment 

= pure unbalanced moment corresponding to shear 
/> 

failure around the column. 
~ 

= pure unbalanced moment corresponding to shear 

failure around the column of .specimens with 

20 mm cover. 

/ -= measured value for momen transferred to 

column at failure. 

= measured flexural stre\,~t at failure 

= nomina-r'~exural stre~h of one-way flexural 

test spec~ens with 2~ mm ,cover. 

,_J ' , ~ 
= factored unbalanced momen~ 

r-' 

= design service dead load 

= ultimate design load 

" 

= applied shear force 

= nomlnal shear strength 

='nominal shear strength of specimens with 20 mm 
l 

cover .. -

",.. 
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/ 
Vo = pure punching shear strength 

Vo (20) 

/ 
Vu 

= pure punching'shear strength of specimens with 

20 mm r~~r. 
= factored shear force 

" 
Vtest, Vexp = measured value for shear transferred to column. 

" 

Â .. 

at failure. / 
= maximum tactored shear stress 

= service ~ead loàd 

= service live load 

= capacity' reduction factor 

= ratio of service dead load to the design 

ultimate load. 

== (see eqn. 4 • 3 ) 

= ratio of long side t'a short side of the column 

r: defjlectiQn 

as /defined 
/ . . 

of shear and moment transfer specimen 

in Fig. 4.2 

1 

/ 
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- SHEAR AHD HOHENT TRANS FER TEST 

Load Concl'ete Strains 
~H x 10-6 

SPECIMEN: S1 

Steel Sb ilins 
X 10-6 

., 
, " 

COVER= 20 .. 
EFFECTIVE OEPTH= 111 •• 

Oeflediol"/s 
Il 

Max. 
Crac~ 

1 2 3 '1 5 6 7 8 9 10 11 12 13 11 15 16 17 18 1 2 3 1 5 6 Width 
III 

18.6 0 0 0 0 0 0 0 "0"- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
~8.6 211 253 187 17 20 1 21 <19 51 H 53 22 12 97 33 29 21 10 .78 .20 .la .30 .08 .0 -
60.0 266 1317 231 65 50 3 61 89 100 101 97 57 111 132 i3 11 10 32 1.29 .33 '.17 .51 ,16 .5 -
71.1 362 '\20 301 83 68 5 73 112 218 237 120 71 212 161 S9 65 58 39 1.83 .47 .20 .a1 .20 .13 -
82.1 186 513 389 110 109 5 112 153 301 316 162 109 272 210 81 92 81 59 2.36 .61 .31 .18 .25 .23 .05 
93.7 631 676 481 136 112 10 165 216 3a~ 391 235 1 ~5 373 293 113 122 109 91 2.89 .7~ fiB 1.10 .29 .25 .OS 

10'\.9 779 809 580 157 117 17 237 273 139 172 297 213 ~68 316 159 157 1H 131 3.31 .85 .61 1.62 .32 .28 .10 
, 116.2 961 972 682 183 161 20 301 316 567 5ai 358 266 567 156 193 196 190 192 3.89 .99 .71 1,93 .36 .29 .10 

127.5 1210 1165 801 208 199 25 362 120 7i6 796 121 291 ~19 550 228 210 251 257 1.67 1.21 .8i 2.16 .10 .31 .15 
138.7 H5Z 1335 916 210 237 28 131 ~97 1087 1091 501 3H 821 639 308 289 319 329 5.69 1.H .96 2.H .i5 .33 .15 
150.0 1712 1571 1023 271 250 31 ~H 536 1333 HU S72 391 992 811 3B6 '3oU 101 395 6.57 1.67 1.06 2.50 .19 .35 .20 
161.3 2270 2002 1216 330 317 35 533 625 1681 1756 635 511 1162 932 112 190 601 1601 7.56 1.91 1.07 2.71 .58 .38 ,30 
172.5 2616 2271 2271 381 365 1S 619 762 1939 2130 780 601 1331 1011 185 551 696 - 8.59 2.30 1,13 2.97 .61 • ~5 .~O 

183.9 3916 3112 2071 130 390 ~3 731 859 2621 2800 960 673 1691 1135 573 678 920 - 9.52 2.11 1.21 2,99 .77 .55 .60 
195.1 HH 3159 2107 167 Ul 13 825 1035 . 3200 3~70 1012 711 1880 1241 622 889 1003 - 10.80 2.73 1,33 3.51 .90 .63 .80 
206.3 - 3657 2801 500 506 35 937 1136 3817 3901 1092 855 1968 1325 - 953 1051 - 12.75 3.29 1,35 3.71 1.13 .72 1.10 
217.6 - 3835 3271 537 532 27 955 1193 - - 115B 891 1782 1115 - 1000 1083 - li.Sl 3.81 1.12 3.98 1.35 .82 1.30 
228.9 - iO 11 3H2 571 580 25 1039 1301 - - 1233 1013 1706 1536 - 1053 1116 - 17.45 1.13 1.48 ~.OO 1.56 ,97 1.60 
235.9 - - - - - - 1211 15i1 . 1310 1201 1671 1078 1286 19.53 1.97 i.S3 1.03 - 1.BO - - - - - -

. 

1 Oead Wei 'lhl ot s lab \las ta~en ioto aC~'Jnt. 
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SHEAR AND HOHENT TRANSFER TEST SPECIHEN: 52 COVER: 6511 
0 EFFECTIVE DEPTH= 69"" 

Load Concrete Strains Steel Strains Defledions Hax, 
~N x 10-6 X10- 6 . li! Cract. COlllents 

1 2 3 ~ 5 6 7 8 9 10 11 12 13 li 15 16 17 lB 1 2 3 1 5 6 Width 
T Il 

, 

18.6 0 0 0 0 o 0 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 0 0 '. 

18.5 316 356 310 81 97 2 70 - 305 312 136 91 92 81 15 21 13 16 2.59 .65 .01 .25 .1 .03 .05 rirst flex. crac~ 
60.0 721 786 556 117 136 1 153 - 516 567 219 125 201 19b 37 51 48 49 3,30 .81 .01 .i5 ,1 .02 .05 
72.3 . 937 962 831 312 28b 3 217 - 573 598 297 177 286 251 87 69 '81 83 1,01 .9b .05 .57 .1 .Ob .05 
83.0 1199 1271 1021 510 312 1 315 - 620 691 361 226 365 311 105 91 111 116 1.85 1.23 .06 .66 .1 .08 .10 
93.9 1618 1831 17i2 569 701 6 139 - 897 962 652 383 197 101 220 110 103 172 6.71 1.71 .11 .89 .2 .10 .15 

105.1 2071 2291 2011 971 1033 1 597 - 1123 1011 731 182 6bb 517 391 256 331 311 8.19 2dl .12 .91 t 3 .16 .25 1 l 
116.1 29bb 3016 28b1 1132 1110 1 70S - 1569.1620 1176 709 895 751 128 371 173 386 10.69 2.73 .15 .20 .'1 .17 .15 
127.7 3513 3557 3329 1700 1726 0 997 - 2175 2510 1812 1011 1210 956 518 126 571 137 11.30 3.65 .18 1.13 .52 .23 .80 
138.6 3911 3862 3836 2131 2306 2 70B - 2717 3012 2;11 1350 1520 - 688 H8 618 592 18.82 1.77 .19 1.69 1.00 .30 1.00 , /'<; 

J 

157.9 - - - 2510 2571 3 512 - 3156 3817 2871 1771 1911 - 817 71'\ 729 699 27.91 7.13 .22 1.83 1.32 .10 1.10 hilure / . 
-

". 
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SHEAR AND HQHENT TRAHSFER TEST SPECIKEW: S3 - COVER= 90 .. ' 
EFFECTIVE OEPTH= 11.1 

' , 

Load Concrele Slralns Steel Stralns Oenections Hax. 
kN X 10-6 

X10-6 ----, Il CracK 
1 2 3 ~ 5 b 7 8 9 10 11 12 13 11 15 16 17 18 1 2 3 -1 5 6 lIidtb 

il 

18.6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 \) 0 0 0 0, 0 0 0 0 
~9.0 350 371 320 8~ 93 2 Bi H7 311 2~b H6 n 99 ~3 11 21 16 15 2.56 .-10 .01 .23 .10 .03 .05 ' 
60.1 777 786 598 136 lU ~ 195 Zi9 535 176 269 lBS 198 109 '11 53 13 i.-5 3.'H .70 .Oi .'11 .13 .07 .05 
72.0 lH3 1251 1011 310 306 B 361 10~ 60B 811 3H 3-19 352 2iO 6'1 91 70 87 1.36 l,OS ,a! ,68 .17 .09 .10 
82.5 1756 1736 1702 S9S 628 li 581 657 932 IH2 biS 555 510 317 112 130 121 117 7.62 2.01 .12 ,88 .25 .11 .25 
91.9 2307 2310 2130 998 1021 18 917 897 1079 1716 168 933 621 1B5 161 236 170 221 12,70 3.21 .11 .99 .35 .17 .80 

lOS .t 2930 3010 2917 1110 1i21 19 1106 1576 1710 1918 1196 1082 7i9 568 300 351 301 331 15;82 3,99 .17 1.12 .55 .11 1.20 
117,0 3501 3195 3j55 1675 1820 21 1391 1799 250 2650 1831 1358 H5 767 351 ~lO 319 iOO 21,OB r 5.31 .18 1.36 .68 .21 1.50 
127.0 3900 3893 3às6 21~7 2231 15 1612 2011 - 3315 2iOI - 1096 891 110 198 105 191 26.67 6.73 .19 1.58 1.05 ,32 1.80 
130,0 - - - - - - 2013 - - '\;31 2815 - 1321 1122 630 750 636 719 39.66 9.87 .23 1.79 2.15 .12 2.00 

1 Dead weight of slab was taken ioto account. 
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SHEAR AND MOMENT TRANSFER TEST SPECIHENI RSZ CaVER= 6Su 
EFFECTIVE DEPTH= 69 •• 

Load Concrete Stralns Steel Strains 
Id~ x 1 ci6 X 10-6 

1 2 3 1 _______ 5 6 

-------
7 8 9 10 11 12 13 H 1516 17 1,8 19 20 21 22 23 21 25 26 

18.6 0 0 0 0 0 0 0 0 0 0 0 o . 0 0 0 0 0 0 
48.6 331 n9 286 57 83 2 72 3iO 320 117 87 86 70 1.7 21 15 17 

c 

95 
59.9 661 752 516 163 111 3 1~7 196 559 5B3 257 137 200 189 39 iB 15 17 

, 0 0 0 0 0 0 - 0 
71.7 661 761 552 IB~ Hb 3 1'5~ 197 561 - - 112 202 197 ~3 - 50 - 30 2B 2B 33 6 7 - 25 
82.1 752 778 5b2~ 211 156 1 162 199 586 - - 152 206 202 17 - 59 - 60 51 78 68 17 26 - 56 
93.7 819 1308 573 256 193 1 IB7 211 621 - - 162 210 206 S5 - 71 - 120 111 17B 132 31 5~ - 76 

116.2 873 868 631 2BO 206 5 217 239 661 - - 187 215 215 72 - 83 - 201 153 231 217 51 88 - 96 
138.7 1012 898 639 3H 217 6 225 261 762 - - 222 Z26 220 83 - 96 - 361 236 376 331 71 122 - 163 
161. 3 1239 1029 767 369 290 8 237 317 873 - - 297 256 221 96 - 109 - '159 373 558 409 99 187 - 232 
183.8 1699 1320 926 421 386 Il 292 119 1021 - - 387 317 236 102 - 132 - 652 566 793 600 137 238 - 271 
206.3 2131 1810 11~2 192 502 16 317 526 1191 - - 187 120 217 111 - 158 - 812 809 1096 789 201 391 - 331 
228;9 2376 2095 1121 580 683 17 336 6'17 . 1398 - • 598 176 259 12B - 179 - 1100 1118 1163 1090 331 526 - 391 
251t 1 3016 2181 2087 610 879 23 358 839 1600 - - 668 512 271 H3 - 195 - 1108 1373 1781 1317 531 758 - 169 
262.7 3645 3177 2916 665 1061 17 399 1096 1811 - - 7V 56t 296 160 - 231 - 1606 1570 1997 1586 an 1082 - 727 
276d - - - - - - 502 1301 2056 - - 836 623 321 187 - 251 "' ___ ~~~ 2001 2196 1972 1200 1571 - 1005 

-~~ .. _- --_. -

Note: Straln gauges 10 ,Il, 16 and lB talfunctloned 
dUtlng the repalr operatIon. 

r Oead weight of slab was ta~en loto account, 

.. 

COI.enls ,~ 

tlrsl tlex. crac~ 
hold load 
whlle repalr 

1 

loadlng contInues 1 

11rsl flex. crack 

, 

fallL're 

\ co .. ......, 

1 
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Load 
~N 

~-, 18.6 
18.6 
59.9 

71.7 
82." 
93.7 
116.2 
13B.7 
16t.3 
183.8 
206.3 
22B.9 
251.1 
262.7 
276.1 

. '-. 

----
SPECIHEH: RS2 'TOPPIHC' REPAIR 

[} 

Oeflectlons Hax. Cauents 
III Crack 

1 2 3 ., 5 6 Ihdt.h 
III -

0 0 0 0 0 0 0 
2.18 .63 .01 .21 .13 .01 .OS fltSt (lex. crack 
3.25 .81 .03 ."3 .17 .03 ,0\ hold the load 

~ ___ whlle repaîr 
3.50 .BB .03 .16 .• 19.01 .00 loadlng contInues 
3.76 .95 .01 .56 .21 .05 .00 
".27 1.10 .0., .71 .22 .08 .00 
5.28 1.39 .05 .86 .26 .11 .05 lrst flex. crack 
6.01 1.59 .05 1.06 .31 .H ,OS 
7.31 1.9., .06 1.31 .36 .17 .05 
8.27 1.11 .07 1.61 • .,2 .20 .05 

0 

9.62 2.92 .07 1.96 .50 .23 .10 
11.01 3.12 .OB 2.39 .59 .ê7 --<30 . 
12.90 :1.57 .09 2.79 .68 .31 .70 
1".65 ".11 1.00 3.11 .75 .35 1.00 
19.01 S.lb 1.10 3.61 .89 .iS 1.30 fallure 
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