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ABSTRACT

Large scale punch load tests on plane and arch-shaped shotcrete layers

interacting with granite blocks are presented.

Tests were made on plane unreinforced layers of different thickness. Tests
were also made on plane layers with different amounts of reinforcement

interacting with rock bolts in different ways.

Arch shaped shotcrete layers were tested both with and without end sup-

ports.

The load-deformation curve for reinforcement bars of different kinds em-
bedded in concrete was investigated. The same kind of tests were made

on strips of reinforcement nets embedded in shotcrete.

Calculations were made for a rough estimate of the influence on the car-

rying capacity of a two-dimensional extension of the shotcrete layers.

Calculations were also made for rough estimates of the action of reinforc-

ed shotcrete both at a service stage and at local cave in,

Finite element calculations were made of the state of stress in the rock-

shotcrete interface near a joint at different loadings.

A literature survey is presented together with a discussion of shotcrete

design.

Key words: Tests, shotcrete, reinforcement, rock bolts, adhesion, carrying

capacity, load-deformation curve, finite element calculations, design.



PREFACE

In 1972 discussions about the interaction of shotcrete and rock were
held between the Swedish Rock Mechanics Research Foundation (BeFo)
represented by S Bjurstrém and the Royal Swedish Fortifications Ad-
ministration (FortF) represented by E Abrahamsson, W v Essen, T Hahn

and H Sundquist.

At the time being BeFo already had put shotcrete on their research
program. The theme rock reinforcement also interested FortF, which
builds a lot of military plants in rock caverns. Therefore it was na-
tural to start a cooperative project on the behaviour and carrying ca-
pacity of shotcrete linings between BeFo and FortF through its Research

Department.

Thanks to the absence of bureaucracy in these two organizations the
project was started very quickly - the Author became employed part-
time by BeFo as o research officer in January 1973, a reference group
was set up at the same time and the first tests were made in the spring

of 1973.

From the beginning the reference group consisted of E Abrahamsson, T
Hahn, H Sundquist, all FortF, S G A Bergman, Consultant, S Bjurstrom,
BeFo and C Alberts, Stabilator AB. Later on B Broms, Royal Inst of
Technology (KTH), and S Sallstrsm, Swedish State Power Board were
associated to the reference group. When leaving the Board S Sillstrom

was replaced by S Jansson, also at the Board.

Large-scale shotcrete tests were performed at the Test Station of FortF,
where an excellent work was done by the staff. The most involved in

this project were F Adolfsson and P Nilsson.

The tests on concrete-embedded reinforcement bars were performed at
the Research Inst of National Defence (FOA) by J Eriksson and E
Wernqvist. The test specimens were manufactured by B Karlstrsm and

T Wall, both KTH, who also assisted at the tests and their evaluation.



The input data for the finite element calculations were prepared by
P-O Sundquist, ForiF. M Viklund, FortF, contributed with remarks

on the linguistic usage and the reference list.

Through the years a lot of valuable help with typing and drawing
was received from P Alm, C Ericson, | Jdderberg, G Lennestedt,

all FortF and E Ask, B Ahlgren, both KTH,

| wish to express my deep gratitude to all these persons mentioned

above for their support and participation in the project.

| also wish to express my thanks to K Lindgren, KTH. Without be-
ing associated with the project he has always been willing to discuss

equipment problems and related questions.

This project has given me a lot more friends than those mentioned
above, and | wish to thank them all for what they have taught me

about shotcrete and tunnelling works.

Finally | wish to thank my teacher, Professor H Nylander, KTH,
for his kind support and for what he has taught me during the years
within the field of building statics.

Stockholm, March 1979

Jonas Holmgren
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tions of concrete-embedded reinforcement bars). Royal Inst of Techno-
logy, Div of Building Statics, Bull no 114, Stockholm 1975.
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INTRODUCTION

This thesis deals with some aspects on the use of shotcrete as a means
of supporting surfaces of hard rock masses. In this survey a short litera-
ture review will be given, where the investigations reported in the

thesis will be looked upon in a wider context.

In the survey different approaches to the design of shotcrete linings will

be distinguished:

a) One way is to make use of others experiences. In the literature one
finds case histories, which report data from shotcrete works. The dif-
ferent systems for rock classification are also assigned to this group
since they also contain collected experiences through that support meas-

ures are correlated to the rock classes.

b) Another way is trial and error approach where measurements are used

to check the behaviour of the rock mass and the lining.

c) A third way is rough calculations for basic failure mechanisms, either
pure theoretical block models or large scale tests combined with theo-
retical considerations. In this connection the expression large scale tests
means test where the loading block is of a realistic size and the sur-
rounding rock-shotcrete structure is sufficiently large for an examination

of a local failure.



2.1

DESIGN BASED ON EXPERIENCE

CASE HISTORIES

A typical case history contains a description of the geology, the selected

support system and the execution of the construction work.

Examples of case histories are /1/, /2/, /3/, /4/ and /5/.

These histories of course give valudble information to experienced engi-
neers. If the results are generalized and referred to in other papers there
is a great risk, however, that we suddenly have got quantitative rules
of thumb for which the prerequisites have been forgotten. In /6/ and

/7/ an example of this process can be found.

In /6/ it is stated that certain design rules for the use of shotcrete in
the blocky rock of Washington were found valid during construction.
These rules were related to the diameter of the opening, the height
of vertical sidewalls, the block size and joint characteristics. In /7/
then the height of the sidewalls is said to be generally important in

very blocky ground with reference to /6/.

The other three parameters are said to be limiting the use of shotcrete

in locsening ground in general without any reference to /6/.

The authors of /7/ are of course aware of the connection with /6/ but
the readers of /7/ may not be and thus a new rule of thumb has been

created,

This is unfortunate because it is not told what influence different adhesion
conditions, a different ratio of o}, /o, or even a different direction of

the tunnel would have had.

It is the Authors opinion that case histories as the basis for design rules
should be used with the utmost care in discussions and written papers.
Of course, the experiences of others shall be compared with ones own

but they have to be analyzed carefully before they are generalized.



2.2 DESIGN BASED ON ROCK CLASSIFICATION

There are various systems for rock classification which serve as a basis
for the design of tunnel support systems. The most common systems are
the RQD - index by Deere, the Rock Mass Quality by Barton et al

and Rock Classes by Lauffer. They are described in several papers, see

for instance /8/, /9/, /10/ and /11/.

These systems are not scrutinized here but some remarks concerning the

use of shotcrete will be made.

In /9/ a correlation is found between the degree of support and the rock
class for Scandinavian tunnels. According to the Authors opinion, this
result is not astonishing. The rock-classes, independent of system, describe
in some way or other how stable the rock is, and the selected degree of
support then is a mirror for the expectations of this degree of stability.
There is nothing to be said about this - the systems of rock classification

account for collected experiences from a lot of tunneling works.

There are, however, some shortcomings which have to be pointed out. At
least two of these remarks are earlier known, others have become evident
as a consequence of the Swedish shotcrete investigation presented in chap-

ter 4.2.

a) The rock class does not tell what influence on the stability a variation

of the tunnel direction may have.

b) The state of stress in the rock mass is not considered, except for Barfon$

system,

c) The mineral composition of the rock mass, which is of the utmost impor-
tance for the adhesion and thus the carrying capacity of a shotcrete lin-

ing in several loading cases, is not told by the rock class.

d) Nomally a thicker lining and/or decreased bolt distances are recommended
when the rock class indicate worse conditions. In many cases, however, as
shown by the investigation presented in chapter 4.2, a thin lining may have

the same carrying capacity as a thick one.
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1. INTRODUCTION

The investigation presented in this report is the first step in a joint project between
the Royal Swedish Fortifications Administration (ForiF) and the Swedish Rock Mechanics

Research Foundation (BeFo).

Its aim is better knowledge of shotcrete as a means of rock strengthening. If this
aim is reached considerable economic savings could be made since the thicknesses
of shotcrete used in practice probably are overestimated because of this lack of

knowledge and the psychology of safety.

The problem complex is a large one and it has to be examined step-wise. To start

with a rather simple case is studied which is defined in chapter 3.

The experimental and theoretical work described in this report has been carried out
by the Author under the guidance of a reference group. Members of the reference
group were initially Eddy Abrahamsson, Torbjsrn Hahn, Hékan Sundquist, all FortF;
Sten G. A. Bergman, Consultant, Sten Bjurstrom, BeFo; Claes Alberts, Stabilator AB;
and later Bengt Broms, Swedish Geotechnical Institute, Stig Séllstrom, Swedish State
Power Board.

The tests were made at the Research Station of the Research Department of FortF.

The test rig has been designed by the Design Depariment of FortF.
Y P

2. EARLIER INVESTIGATIONS

The interaction befween shotcrete and hard rocks has not been investigated previously
in Scandinavia to the knowledge of the author. Ostlund (/3/), Sallstrsm (/4/) and
Poijarvi (/3/) investigated the properties of the shotcrete itself. Barbo (/6/) has
published results from some adhesion tests on shotcrete applied to different minerals.
The number of tests is rather limited and of course the structural behaviour of the

shotcrete has not been determined in his investigation.

In Austria several investigators have studied the use of shotcrete as tunnel lining.
The investigated rock materials were weak, however, so the problem studied is prin-
cipally the one of a concrete pipe surrounded by soil. (Ref. /7/, /8/, /%/. /10/).

See also chapter 3.



This investigation is concerned with high strength jointed rocks.

3. LOADING CASE

A rather simple loading case, the punching of a large rock fragment through a plane

shotcrete layer, was chosen for this investigation.

This case was studied by Rotter (/1/) who assumed a shear failure in the shotcrete
layer. This led to the conclusion that a 3 cm shotcrete layer could carry 13 times
the weight of a rock pyramide having a base area of one m2. The consequence of
this model was that the carrying capacity of the shotcrete layer was proportional to

the layer thickness and the shear strength of the shotcrete.

Fig 3a Loading case in this investigation.

4,  TEST RIG AND TEST SPECIMENS

4.1  MAIN TESTS

The main tests were made in the 3.7 m x 1.2 m test rig shown in Fig 4 a. Rock
slabs of fine-grained grey granite were tested. The middle slab was pressed uppwards
during a test for practica! reasons. The rig was fixed to the ground with a hinge
parallell to the test specimen and was tilted to make the rock surface vertical during

the application and curing of the shotcrete.



The different parts of the rig were balanced against each other with respect to the
deformations in order to avoid bending of the shotcrete layer. The fulfilment of this
was checked with a strain gauge during one of the tests. The load was applied with

two parallell-connected handpumped hydraulic jacks.

SHOTCRETE ROCK SLABS P TS
7 ,//17\\ - . \\\
=== / \’ . "":;\:N:.. FHTH
) et v
N
: ‘:\\_'l l\'l
] Iy
1 '
14

U | I

\ \

\STEEL RIG \HYDRAULIC
JACKS

Fig 4 a Test rig.

4.2 CONTROL TESTS
A flat box 45 x 45 cm with the height equal to the thickness of the shotcrete in

the main test was Shotcreted and stored together with the main test specimen.

On the testing day cubes and beams were sawed out of this shotcrete plate.

4.21 Test cubes

The side length of the cubes was the same as the thickness of the shotcrete layer in

the main specimen except for the 2 cm layer. In that case 4 cm cubes were used.

The 8 cm cubes were investigated in a 1.0 MN testing machine. A mechanical
force gauge was put info the testing machine when the 4 cm cubes were fested.
The compressive strengths presented in this report are the mean values of four cubes.

No correction for the size of the cube has been made.



4,22 Test beams

The span length was 40 cm for the investigated beams. A two point loading system
was used. The load was applied at the third points. The cross section was square
ond the side length was equal to the thickness of the shotcrete layer in the main

specimen, except for the specimens with a 2 cm shotcrete cover where 4 cm beams

were used.

The 8 x 8 cm beams were loaded by a hydraulic jack. The applied load was measured

with a mechanical force gauge. The 4 x 4 cm beams were loaded with lead weights.

The flexural strengths given in this report represent the mean values for two tests.

No correction for beam size has been made.

4,23 Testing of the adhesion strength

Cores with 50 mm diameter were drilled in the shofcrete down to the rock surface.
A steel plate with a centric pin was glued to the top of each core with epoxy resin.
The cores were loaded in tension. The corresponding force was measured at failure.
The adhesion strength, fcd' the force divided by the core area, was calculated.

Three cores were tested for each test in the main test series.

5.  MIXING OF CONCRETE, SHOTCRETING AND CURING

Standard cement and gravel (0-8 mm) were used for the concrete. The weight ratio
was 1:4.5. The amount of water added to the shotcrete was regulated by the nozzle-

man and was nomally kept as small as possible.
The specimens with 2 cm layer were shotcreted in one operation. The specimens with

4 or 8 em cover were normally shotcreted in two layers. The second layer was applied

about three hours after the first layer.

A few hours after the shotcreting the concrete was covered with plastic sheets and it

was then kept damp until the testing.



6. DEFORMATION MEASUREMENTS

The deformations were measured with dial gauges. The accuracy of the readings was
about 0.01 mm. The test arrangement is described later in connection with the

descriptions of the different tests.

7.  TEST DESCRIPTIONS AND TEST RESULTS

7.1 A BASIC DESCRIPTION OF THE TESTS. TERMINOLOGY

SHOTCRETE
OUTER MIDDLE OUTER
ROCK SLAB ROCK SLAB ROCK SLAB
l APPLIED i
P/2 LOAD P/2

P

CRACKS BEETWEEN

Fig 7 a Principal view of main test specimen.



7.3 REINFORCED SHOTCRETE COMBINED WITH ROCK BOLTS

7.31 Description of reinforced test specimens

Five tests were made with 8 cm reinforced shotcrete combined with rock bolts. The

test specimens are shown in Fig 7 f.

Test Al was made mainly to demonstrate that a plane reinforcement is not effective
under the loading condifions chosen if it is not fixed properly to the rock due to the

character of the adhesion failure.

Test A 2 corresponded to the common case when the reinforcement nets are attached

to rock bolts only with thin steel wires.

+# ¢6¢200, 0, =220 MPa

 —
AL B —. — :t—mlan

tt

Quter rock slab Middle rock slab

Rock_bolt + 66 c200, 04, = 220 MPC
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=#
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A3 -

—

FartF clas

A_I,; 2 || — . " a

=4
!
.

FortF closp ++ 6 8c90, ogy = L00MPa

Distance piece
AS.
' |

Fig 7 f Test specimens in series A.




The adhesion crack spread along the rock-shotcrete interface ot a load of about one

third the failure load until the concrete cover failed by bending. See Fig 7 c.

The failure load was not affected by the layer thickness except in the 2-cm tests

probably because of the rather large slit (~- 5 mm) between the rock slabs.

The dependence of the adhesion strength was obvious:

6 = (see Fig 7 d)

was nearly a constant with a value of about 30 mm. This indicated that only a

narrow band of shotcrete at a crack carried the load,

5|l e i : ..‘,_'o'-_',,'_'-SHOTCRETE

OUTER

*  0Oq ROCK SLAB
L]

Fig 7d Nominal adhesion stress block.
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Shotcrete layers after failure.



Test rig in testing position.

Unreinforced shotcrete layer after failure.



7.21 Tests under normal adhesion conditions

The main results are shown in Table 1.

The cause of failure was always too high

adhesion strasses between the shotcrete and the rock surface.

Nozzle-

f

Tot e |Noralem (Lo | fo | | fa | R R |8
ness
cm MPa| MPa | MPa | kN/section | kN/m mm
1 7 J 4 | 37.0| 6.6| 1.4 42 36 26
2 7 J 8 |31.6] 6.1| 1.8 59 52 29
3 2 K 4 | 239| 54| 1.8 35 30 17
4 2 K 8 |[31.6] 6.3 1.8 2 = s
5 1 K 8 |32.4| 6.4 - 34 30 =
6 1 J 4 [19.1] 41| 0.9 23 24 27
7 2 J 8 |32.8] 7.1 1.1 24 60 55 %
8 2 K 2 | 2.8 5.0/ 1.3 17 15 1
9 6 H 2 | 37.0] 6.0 1.5 31 27 18
10 1 H 4 | 22.3| 57|18 60 52 < 29
1 1 H 8 [36.9] 75| 1.4 55 48 33
12 6 H5 4 |32.8] 6.3| 2.3 30 75 33
13 5 H 4 |[31.7| 7.6| 1.8 53 46 25700
Al | 7 H 8 |47.8| 7.2 1.8 59 51 29
A2 | 7 H 8 |45.6| 7.0 1.6 69 60 38
A3 | 7 H 8 | 45.4| 8.0 2.1 92 80 33
M| 6 H 8 |35.2] 69| 1.6 84 73 45
A5 |7 H 8 |43.7| 8.0 2.1 74 64 31
X Dry test cores.
XX Malfunction of test rig.

XXX

XXXX

Table 1

Adhesion partly eliminated p = P/ .4 instead of P/1.15.

Rock surface dirty by diesel smoke.

Main test results.




For the reinforced test specimens it was possible o increase the applied load after

the adhesion crack propagation in some cases. For these tests a final failure load

or secondary failure load existed.

7.2 TESTS WITH UNREINFORCED SHOTCRETE

Ten tests under normal adhesion conditions and three tests under specia! conditions
were made. The layer thickness and concrete age were varied. Also reinforced
test specimens are discussed in this chapter since the reinforcement did not function

until after the primary failure.

Dial gauges were used to check the movement of the rock slabs in tests 1-13. The
gauges were attached to a steel frame, which was free from the test rig, and pointed

to small glass plates glued to the concrete surface.

The angular displacement was about 0.0001 radians for the two outer rock slabs near
maximum load in most cases. This deformation did not seem to affect the test results

since the strains in the concrete surface above the slit between the slabs were neglible.



The middle rock slab was pressed upwards by the load P during a test. The outer
rock slabs were restrained by the loads P/2. The applied load was distributed from

the middle slab to the outer slabs by the shotcrete layer.

The applied load, P, and the vertical displacement, w, of the middle slab were

measured during the test.

At a certain load level, the primary failure load, an adhesion crack formed between

the shotcrete and the surface of the outer rock slabs near the slit between the rock
slabs. This happened in all tests. The load suddenly dropped to one third or less

when the adhesion crack formed. This load was called the adhesion crack propaga-

tion load and it remained nearly constant during the crack propagation until a flex-

ural failure took place in the shotcrete layer.

P
' PRIMARY FAILURE LOAD

-~

I

| e~ ADHESION CRACK
/ I PROPAGATION LOAD

t3 |

! o P2 o P2

p P72
UNCRACKED "ADHESION CRACKING" “FLEXURAL
STATE : - CRACKING”

Fig 7 b Principal load-displacement diagram for unreinforced test specimens.



Test rig in shotcreting position .

Operator in shotcreting position.
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G+ 1
using a modified formula by Nylander and Kinnunen (/11/).

B is a nominal width of the clasp and h is the effective depth of the shotcrete
fayer. In this case P in the original formula is replaced by 2 P because the rock

bolt is subjected to load on one side only.

The theoretical failure stress according to Nylander and Kinnunen (/11/) is 1.4 MPa.
Thus the measured failure load was 80 % of the theoretically calculated load. This

result indicates that the clasps did not transfer the load quite properly from the con-
crete to the bolts since the punching theory mentioned above normally underestimates

the failure load.

A considerable drop of the load occurred after the adhesion failure in Test Ad, It
was, however, possible to increase the load up to 36 % of the primary failure load.

The crack pattern was the same as for Test A 3.

The failure was caused by punching. The nominal shear stress at failure was
LI 1.3 MPa, which is equal to the theoretical value. This indicates that
the FortF clasps transferred the load more properly from the concrete to the bolts
and that the failure load corresponded to the amount of reinforcement in agreement

with the punching theory mentioned above.

In Test A 5 the decrease of the load was smaller than for the other tests. It was
possible to increase the load up to 94 % of the primary failure load (only 75 % of
the primary failure load for Test A 3, though). During the reloading several fine
flexural cracks developed and a considerable curvature was noticed. The failure was
by punching at one side of the test specimen and more like a beam shear failure at

the other side. The nominal shear stress at failure was 3.0 MPa, which corresponds
110 % of the theoretical value.
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Fig 7g Clasp used together with rock bolts in Tests A4 and AS.



7.33 Deformations

in Fig 7 h the relative displacement of the middle slab is plotted against the applied
load. Test specimen A 5 is of special interest. A properly designed reinforcement

in combination with an effective clasp gave a very strong and ductile shotcrete cover.
The plastic energy in Test A 5 at failure was six times the energy in Test A 3. The
energy ratios for Tests A5, A4, A3 were 6:1.6:1.0.

P P b
kN4 AkN/m] S N
180 80+ = A3 - !
- AL | o - P
160+ 70 Primary failure loads l
1404 «— A5 A5 pPs2
60— A2
120' 50_
100+ 404
e Al
60 -
40 W7 AL A3
20 101
0—0 = T T T T T T L

Fig 7 h Load-deformation curves for Tests A 2- A 5.

T Mp =10 kN, 1 kp/em = 1 kN/m. Arrows show the
primary failure loads for the different tesis.



8.4 THE CRACKED REINFORCED SHOTCRETE LAYER ACTING AS A CIRCULAR
MEMB3RANE

The effect of the two-way reinforcement is taken into account by assuming that it
acts as radial reinforcement with spacing equal to ¢ when r=r . It has also been
assumed that it reaches some characteristic tension e, over the distance ry to R at

B
a failure stress FB’

The line load F;mbr which means p at membrane failure can then be calculated from

o = —_o_ . . +
Prbr 2m r Py Ab FB sin ¥

where Ab is the area of one reinforcing bar and Y is the slope of the membrane.

Ay - fy

The line load 5mbr = <

- sin Yis thus independent of o

The angle ¥ is determined by

N
[¢]

. B

SIn\p = .I T eé—

Then

} Ab fB ( 2 "B )
Prbr c 1+ EB

4 2
If, for example, Ab =0.5-10 m (#8),
fB = 650 MPa, c=0.2m, ey = 0.02 (2 %)

b, = 32 kN/m <40 kN/m

If instead ep is 0.08 then

Prabr — 60 kN/m > 40 kN/m

It is therefore of great importance to have an accurate value of ¢ B for bars

embedded in concrete.



] |

T P PP R N S ) A TR T

P
——-—Pz without reinforcement
5 —.—.-2  with reinforcement
kN] 4
200 —
¥
g c100,_t=8em . — =
150 —
m _—-p2
gc100 =2 —
100 - = 508t —=—
b Spgem P2
¢6¢'00 *'_Lﬁ:———-— a
— P.
50 g=bom — — -2
0 | | | —
0 0.5 1.0 15 20 A=mr?2

[m?]
Fig 8e Theoretically calculated primary (P1) and secondary (P2) failure
loads for plane circular shotcrete layers. P2 is calculated both

for unreinforced shotcrete layers and reinforced ones.

f, = 6-0 MPa, £ & = 20 kN/m.

Yield strength of reinforcement = 500 MPa,
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Fig 8d Theoretically calculated primary (P]) and secondary (P2) failure

loads for plane circular shotcrete layers. P2 is calculated both

for unreinforced shotcrete layers and reinforced ones.

i, = 6.0 MPa, =8 = 40 kN/m.

Yield strength of reinforcement = 500 MPa,



Area of Required Center distance

rbnlc.:)vcigg ;?Lr;forcement for bar
m2 % ‘?1’1_3 gmri gnrlo
0,5 0.6 64 114 178
1.0 0.9 44 80 | 125
2.0 1.3 31 56 88
3.0 1.6 26 46 72
4.0 1.8 22 40 63
5.0 2.0 20 36 56

Table 2  Required two-way reinforcement to maintain plate effect for an 8 cm
plane shotcrete layer. It is assumed that the shotcrete - rock interface
can carry a line load which is 13.3 kN/m after the primary adhesion

failure.

The table shows that it is possible to reinforce against downfall of small blocks and

that normally used reinforcement is insufficient under the assumed circumstances.

In Fig 8d - e curves for reinforced shotcrete are plotted as a comparison with equi-
valent curves for unreinforced shotcrete. The curves show that commonly used amounts
of reinforcement are normally insufficient if plate action is to be maintained after
the adhesion failure. The figures show, however, that the action of reinforcement

bars becomes more efficient at bad adhesion conditions.



Consider one sector element as indicated in Fig 8¢c.

0
m -4
d HLA
o _
<:§[\_‘I®5rodq> m’ Rdyp
r=0
—To_ [ Mt=g
—~——R-p

Fig 8¢ Sector element in the yield line analysis.

The reinforcement net is normally placed close to the rock surface. The lever arms
for the forces in the reinforcement are therefore small where the bending causes

compression nearest fo the rock surface. The moments of these forces become small,
too, and are assumed to be zero in this simplified analysis. The equilibrium equa-

tion for the sector element becomes:

Pty dcp(R-ro) = m°Rd ¢

which gives

It is interesting to investigate if it is possible to put in the amount of reinforcement

required by this equation.

At, for example rO/R =1/3, p=40 kN/m, h = 8 cm, fsy = 400 MPa the

following reinforcement will be required for a circular block.



In the following P] =2 X fqd' § represents the load when the adhesion crack

forms. During the development of the adhesion crack the load is

P=2qnr.

. - f ,. & and especially when the plate fails the load is

ad

w| —

f - h2
p-_-_-_bL__

2 k

In Fig 8d-e P] and P2 as functions of the block area A =m ro2 are given for two
commonly used thicknesses of the shotcrete layer, 4 and 8 em. Fig 8d represents very
good adhesion conditions and Fig 8e represents fair adhesion conditions. It can bee

easily seen in these figures that P2 always is much smaller than P], which means that

there is no redundance in an unreinforced plane shotcrete lining.

8.3 THE CRACKED REINFORCED SHOTCRETE LAYER STUDIED WITH
THE YIELD LINE THEORY

The loading case is the same as in Fig 8 a. The assumed yield line pattern is

shown in Fig 8 b below.

| % |

R

Fig 8 b Yield line pattern.



8.2 THE UNCRACKED SHOTCRETE LAYER ACTING AS AN ISOTROPIC
CIRCULAR PLATE

The loading case is indicated in Fig 8 a below.

A
LOOSE FIRM ROCK
BLOCK

LIMIT WHERE ADHESION
CRACK STABILIZES

1

Fig 8 a Loading case for circular plate.

In Timoshenko’s "Theory of Plates and Shells" solutions are given for this case.
The maximum bending stress, o max! €97 be calculated from the relationship

L

“max h2

In this equation P is the applied load at the center of the rock piece and k is a
constant which has been calculated for different ratios R/ro. R is the radius of
the circular plate and r is the radius of the moving rock piece. Timoshenko gives
k for Poisson’s ratio = 0.3, which is not always quite correct for concrete. His

values are used here without any corrections, however.



8. THE TWO-DIMENSIONAL PLANE CASE - A THEORETICAL STUDY

8.1 GENERAL REMARKS

The performed tests were one-dimensional, since strips of constant width were tested.
In reality the plane case nearly always is two-dimensional. An adhesion crack around
a single rock piece spreads more or less like a ring on a water surface. Since the
periphery of the failure zone grows larger and larger the bearing capacity has to
increase since the failure load has been found to be proportional to the length of

the failure zone. The adhesion crack has to stabilize somewhere. It is of interest

fo study a circular concrete plate and examine which load it can carry.

In the following an attempt will be made to get an idea of what might happen after

the primary adhesion failure.

Four cases can be distinguished:

a)  An uncracked circular concrete plate carries the load after the adhesion
crack has stabilized.

b) A cracked reinforced circular concrete plate carries the load.

c) A circular membrane carries the load.

d)  The reinforcement bars are torn off and the slab collgpses.

In the following analysis two fundamental assumptions are made:

1) An adhesion crack forms when the distributed shear force, p, is 40 kN/m.

The crack stabilizes when p = 13.3 kN/m. This assumption has been empirically

confirmed by the tests, but is probably not valid for all rock materials.

2)  The load follows the movements of the concrete plate. This assumption is

probably not realistic for all rock loads, especially at large deformations.



Clasp used in Tests A4 and A5. (The FortF clasp )
Reinforcement used in Test A 5,

Test specimen A 5 after failure.
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Clasp used in Test A 3.

Test specimen A 3 after failure.



3 PROVNING

Dragprovningarna utfdrdes i en MTS provningsmaskin vid FOA, Ursvik.
Armeringsstangerna fdstes i provningsmaskinen med hydrauliska klam-
backar, som eliminerar glidning i infdstningen. Harigenom kunde
provningsmaskinens inbyggda ldgesgivare anvdndas for tdjningsmat-
ningen.

Styrprogrammet, som var utarbetat av J Eriksson, FOA, medgav att
tojningshastigheten kunde hadllas 18g under provets forsta skede,
for att sedan successivt Okas inom ett Overgdngsomrdde upp till en
hdgre nivd inom det senare skedet.

Vid prov 1-12 och 17-20 och tillhorande kontrollprov var tdjnings-
hastigheten ¢ = 4.76'10-5 1/s upp till bedomd strdckgrans varefter

den 1é&ngsamt okades till 3.13'10—4 1/s. Vid prov 132-162 med kontroll-
prov som utfordes vid ett senare tillfdlle var motsvarande tdjnings-
hastigheter 2.50°10™> 1/s respektive 1.67°107% 1/s.

Detta innebar att strackgrdnsen uppndddes pd 45 s vid prov 1-8, pd
65 s vid prov 9-12, p& 95 s vid prov 132-162 och pd 35 s vid prov

17-20.

Under provningens ging registrerades kraft och Tdngdandring konti-
nuerligt pd& en x-y-skrivare.

4 PROVNINGSRESULTAT

4.1 Betongens h&llfasthetsvdrden

Kubhi1lfastheten for betongen vid prov 1-12 och 17-20 var 31.2 MPa.
Dragh&1lfastheten var 1.8 MPa. Det skall dock erinras om att den
anvinda provningsmetoden for draghdllfasthet rymmer stora felmoj-
1igheter. Kubhdllfastheten for sprutbetongen vid prov 132-162 var
40.9 MPa och dess bdjdraghdllfasthet var 8.5 MPa.



provkroppstvarsnitt och armeringsprocent.

Armerings- | Armerings- Betong- Armerings-

ROl kvalitet sténg tvdrsnitt procent Anm.

nr [mm] [mm] %

1 Ks 40 g 8 g 80 1.0

2 | 4 8 ¢ 80 1.0

3 = g 8 g 120 0.44

4 u g 8 g 120 0.44

5 | " g 12 g 120 1.0

6 | " g 12 g 120 1.0

7 Y g 12 g 216 0.31

8 " g 12 g 216 0.31

9 | Ks 60 g 12 g 120 1

0 " Lop 2 ¢ 120 1.

no{ " RV g 216 0.31

12 o g 12 g 216 0.3
132 Nps 50 g 6 [ 30x100 0.93 sprutbetong
142 | v $ 6 (1 30x100 0.93 ailder 10l g
152 " g 6 [l100x100 0.28 v
162 | " | g 6 [1100x100 0.28 "

17 Ss 26 I g 12 g 120 1.0

18 | BRF: ¢ 120 1.0

9 | RV 8 216 0.31 utgdr p.g.a.skada
20 Y ‘ g 12 g 216 0,31
Tabell 1 Sammanstdllning av armeringskvalitet, stdngdiameter,

Kind of reinforcement, bar diameter, cross section of

the test specimen, percentage of reinforcement.
Tests 132-162 were made with shoterete at an age

of 10 days.




Betong Armering

Z [

800 I,

L'
E
o
o
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Provkropp 132 och 142

] :gl

100
Provkropp 152 och 162

Fig 2a Provkroppar

Test specimens

Sprutbetongens tryckh&11fasthet provades med tre utsdgade 8 cm
kuber.

Sprutbetongens bgjdraghdll1fasthet provades med tvad oarmerade bgj-
balkar 40 x 8 x 8 cm belastade med punktlaster i tredjedelspunkterna.



1 PROBLEMSTELLNING

For att kunna bedoma en armerad betongkonstruktions verkningssdtt
vid Bverpaverkan (vapenlast, ras, pékorning etc.) &ar det av stor
betydelse att kdnna till den energiupptagande formdgan i konstruk-
tionen.

Vad betriffar armeringen foreligger veterligt endast ett mindre
férstksmaterial avseende brottférlsngningen hos icke betongingjutna
armeringsstanger av storre 1dngd &n mdtomrddet vid standarddragprov.
For ingjutna armeringsstdnger saknas i stort grundldggande data
betriffande brottfdrlingning. Foreliggande begrédnsade, experimen-
tella undersdkning syftar till att visa hur c-e-diagrammet for en
18ng (1dngd >> 10'da) armeringsstang paverkas av kringgjutning av
betong i ett renodlat dragforsik.

2 PROVKROPPAR

20 st provkroppar enligt fig 2a och tabell 1 tillverkades. Vid

prov 1-12 och 17-20 bestod provkroppen av en rak armeringssténg
centriskt ingjuten i en 800 mm l&ng, cirkular betongcylinder. Vid
prov 132-162 bestod provkroppen av en stang klippt ur ett nat med
20 cm maskvidd. Hirvid kvarlamnades 10 cm 18nga tvdrpinnar. Ndt-
strimlan sprutades in med sprutbetong s& att en provkropp med rek-
tanguldrt tvirsnitt erhdlls. Tvdrsnittsdimension och ingdende arme-
ring i de olika provkropparna framgér av tabell 1.

Ti11 varje huvudprov uttogs ett armeringsprov ur samma stang utom
vid ndtproven. Kontrollproverna vid natproven bestod av tvd ndt-
strimlor klippta ur samma nat som stdngerna till huvudproven.

Betongens tryckhdllfasthet provades med fyra normenliga kuber.

Betongens dragh&llfasthet uppskattades med hjalp av tre lossdrag-
ningsprov av 42 mm kdrnor som borrades ur kuber.



Beteckningar

B

area hos armeringsstdng

area hos betongtvarsnitt
stdngdiameter

diameter hos betongcylinder
relativ forlangning hos provkropp

rel. forldangning vid brott

€ = de/dt rel. forlangning per tidsenhet

o dragkraft/nominell sténgarea

op o vid brott

u armeringsarea/betongarea

Notations

Aa area of reinforcement bar

Ab area of concrete cross section

da bar diameter

db diameter of concrete cylinder

€ relative elongation of test specimen
€g e at failure

€ = de/dt € per time unit

g

%8
u

tension force/nominal bar area
o at failure

reinforcement area/concrete area
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c)

d)
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10.

a)

b)

c)

Conventional reinforcement nets close to the first layer of shotcrete are of
little or no value even if they are combined with a reinforcement cage around
the rock bolt. The tests showed that the reinforcement must be designed as
for ordinary reinforced concrete members and be combined with a proper rein-

forcement cage around the rock bolt.

Some theoretical considerations indicate that the reserve strength (residual
strength) is lower than the strength at the primary adhesion failure for conven-

tionally reinforced shotcrete.

Some tests with accelerating admixtures for shotcrete show certain undesirable

effects which have to be examined more closely.

NEED OF FURTHER RESEARCH

It is quite natural to investigate also curved shotcrete layers since only plane
shotcrete layers were studied in this investigation. The adhesion strength will
probably be important for the primary failure also for these tests but the

progressive development of the failure has to be studied.

It is also desirable to make a systematic study of the adhesion strength for
different minerals since this factor has a decisive influence on the structural

behaviour of shotcrete.
The effects of the accelerating admixtures have to be closer examined.

Fiber reinforced shotcrete in combination with rock bolts might also be worth
while to study. A lot of money can be saved if the bar reinforcement can

be abolished.



Some preparatory tests by the Author have shown, that €y for bars surrounded by
concrete may be 1/3 to 1/2 €3 for free bars. The investigated bars were 8 mm
deformed bars and 5 mm bars from reinforcement nets. The bars from the reinforce-
ment nefs had 100 mm pieces of the transverse bars left. The bars were surrounded
by 145 mm concrete cylinders. The length of the test specimens was 800 mm. It

was also found out that g for reinforcement nets could be so small as 0.5 %.

For a reinforcement net:

A =0.28 - 10’4 m2, fg = 600 MPa, c¢=0.1m
e = 0.005
,5mbr = 16.7 kN/m <40 kN/m

This indicates that reinforcement nets are more unreliable than loose bars.

9. SUMMARY

In this paper there are described 18 large scale tests on plane shotcrete layers in
combination with rock blocks. The age of the concrete and the layer thickness

were varied,

For five of the fest specimens the influence of the reinforcement arrangement and

the rock bolts was investigated.
The following main conclusions were drawn.

a) For the unreinforced plane shotcrete layer failure was always due to adhesion
failure along the shotcrete - rock interface. The failure load was indepen-
dent of the layer thickness within the interval 2-8 cm. For good rock materials,
however, the failure load is rather high. A plane shotcrete layer carries a

rock cylinder with one square meter base area and five meters height.

b)  After the primary adhesion failure the load dropped to one third the primary
failure load or less. The adhesion crack propagated along the rock surface

until bending failure tock place in the shotcrete.



Vid armeringsstanger ur ndt Nps 50 ¢ 6 och u = 0.93 % var €p 2/3
till 1/3 av g for fria stanger. Vid y = 0.28 % var €p omkring 1/6
av eg for fria stanger. €g for fria stanger Nps 50 ¢ 6 var 6 %.

Vid sldta stanger (Ss 26, ¢ 12) skiljde sig €g vid ingjutna stanger
inte fran €p vid fria stdnger p.g.a. att tvdrkontraktionen hos
stingerna var sd stor att all samverkan mellan stdl och betong upp-
horde. Efter brott hade stdngdiametern minskat till 11 mm. €g for
Ss 26 ¢ 12 var 20-25 %.

Vid samtliga prov med ingjutna stanger, men sdrskilt vid storre
betongarea, erholls stérre last vid fordelad tojning lika med
strickgrianstéjning for fri stédng @n vad som svarar mot stridckgrans
multiplicerad med stdngarea. Forklaringen torde vara att armerings-
stédngen vid uppsprickningen lokalt kommer upp i konsoliderings-
omrddet intill sprickorna, medan Tasten mellan sprickorna tas av
armering och betong i samverkan. Detta har sdkerligen stor betydelse
vid bdjning av betongbalk med liten armeringsmangd.

Vid snabba forlopp, sdsom vid vapenlaster, pdkdrning o.d., torde
ovannamnda effekt kunna pérdknas. Man kan d& sannolikt utgd ifrdn
att momentupptagande formdgan blir storre dn vad som anges av
strackgranskraft i armering multiplicerad med inre hdvarm. Huru-
vida fenomenet upptrader vid l1&ngvarig belastning dr inte utrett
i och med denna undersdkning. Det forefaller emellertid inte
osannolikt att viss krypning och uppsprickning i den betong som
omger armeringssténgens kammar ndrmast intill en spricka skulle
kunna ge stérre tojningsvarden vid léngtidsprovning dn vid denna
undersdkning.
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o-e-diagram for stdnger ur ndt Nps 50 ¢ 6 omgivna av sprut-

betong samt tillhtrande kontrollstdnger. A, = sténgarea,

A, = sprutbetongarea.

Stress—-strain relationship for bars from reinforcement nets
Nps 50 4 6 surrounded by shotcrete and the corresponding

control bars. A, = area of the bar,

surrounding shoterete.

Ay, = area of the
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Fig 4c o-e-diagram for ingjutna stanger Ks 60 ¢ 12 och tillhorande

kontrollstéanger. d, = betongcylinderns diameter.

Stress-strain relationship for deformed reinforcement bars

Ks 60 ¢4 12 surrounded by concrete and the corresponding

control bars. dy, = diameter of the concrete cylinder.
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Fig 4d o-e-diagram for ingjutna stinger Ss 26 ¢ 12 och tillhdrande

kontrollstanger. dp = betongcylinderns diameter.

Stress—strain relationship for smooth bars Ss 26 ¢ 12 and
the corresponding control bars. dy = diameter of the concrete

cylinder.
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Fig 4b o¢-e-diagram for ingjutna stdnger Ks 40 och tillhorande kontroll-

stanger. Vid forsdk 1-4 var dj = 8, vid forsok 5-8 var dy = 12.

da=

armeringsstingens diameter, dp = betongscylinderns dia-

meter i mm.

Stress-strain relationship for deformed reinforcement bars Ks 40

surrounded by concrete and the corresponding control bars. At

tests 1-4 d, = 8, at tests 6-8 dg = 12. d, = diameter of the bar,
dp = diameter of the concrete cylinder in mim.



4.2 Sprickbildning

Nagra sprickbilder redovisas i fig 4a. Den for dgat synliga uppsprick-
ningen borjade oftast vid last motsvarande armeringens strackgrans.
Vid stor mingd omgivande betong erhdlls ett fétal sprickor, vid Titen
mingd var antalet sprickor stérre. Vid provning av betonginsprutade
nitstrimlor uppstod de forsta sprickorna vid armeringens tvdrpinnar.
Vid brott var sprickbredderna av storleksordningen cm.

4.3 Spannings- tdjningsdiagram

1 fig 4b-e redovisas o-e-diagram for de ingjutna provkropparna
med tillhdrande kontrollstinger. o ar berdknat sdsom registrerad
last dividerad med nominell sténgarea och ¢ &r total fdrldngning
hos provkroppen dividerad med provkroppens ursprungliga ldngd
(800 mm).

Trots kraftig uppsprickning i manga fall inverkade betongingjut-
ningen avsevart pd brottforlangningen (aB). Vid armeringsstdnger
Ks 40 ¢ 8 minskade €g till 0.6 a 0.35 av £g for fria stdnger. Den
storre minskningen hanfor sig till stdrre mdngd (u = 0.44%) omgi-
vande betong.

Vid Ks 40 ¢ 12 var minskningen av &g vid liten mangd (n =1 %) om-
givande betong mindre dn vid ¢ 8, formodligen beroende pa sdamre
effektivitet hos kammarna vid denna stingdiameter. Vid den storre
mangden omgivande betong var ep ungefédr densamma vid ¢ 12 (n = 0.31)
som vid ¢ 8 (u = 0.44 %). €3 for fria stdanger Ks 40 var vid ¢ 8
17-19% och vid ¢ 12 14-16%.

Vid armeringsstanger Ks 60 g 12 reducerades ‘ep ti11 omkring 3/4 av
€g for fria stinger vid u = 1%. Vid v = 0.31% var e for ingjutna
stdnger omkring 0.6 av ep for fria stanger. ep for fria stdanger

Ks 60 ¢ 12 var 13-14%.



Fig 4a

och 142. Siffror vid sprickor anger ordningsfdljd.
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appearance.
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A simple example shows that suspension action and membrane action
can take a lot more energy than beams and plates in bending. The

example is strongly simplified but shows all the same that these

actions should be regarded when designing a structure which might
be subjected to extreme loads of disastrous character.
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7 SUMMARY

19 tension tests on reinforcement bars surrounded by concrete were
made. The stress-strain relationship for bars of 800 mm length was
registered for the cast-in bars as well as for the corresponding
control bars.

The loading velocity was very low compared with the velocities used
in rapid tests with steel. On the other hand the velocity was not
Tow if the time-dependent characteristics of concrete are taken into
consideration.

At deformed bars and bars from reinforcement nets the failure strain
decreased when the bar was surrounded by concrete. The failure strain
was dependent on the bar diameter and the amount of surrounding con-
crete. When the bar diameter increased the failure strain increased
if the reinforcement percentage was kept constant. When the rein-
forcement percentage decreased the failure strain decreased.

At smooth bars the bond between steel and concrete disappeared
totally at Targe strains even at small reinforcement percentages.

At strains corresponding to the yield interval for free bars the
load was higher for cast-in bars than for free bars. The explanation
is probably that the steel locally at the cracks reaches the strain
hardening stress. Between the cracks the load is carried by the
steel and the concrete together at lower stress and strain Tlevels.
This phenomena did not appear at smooth bars.

When designing concrete members for disaster Toads the failure
strain can be put equal to 8 % for deformed bars. If smooth bars
are used the failure strain can be put equal to 18 to 20 %.

Reinforcement nets are unreliable in this respect. At pre-tests for
this investigation a net was found that had a failure strain of only
1.5 % for a free bar and 0.4 % for a cast-in bar. Since nets according
to code requirements shall have a failure strain of at least 3 % the

failure strain for cast-in nets might be put equal to 1 %.



6 SAMMANFATTNING

19 dragprovningar av armeringsstdnger omgivna av betong utfordes.
o-e-diagram for 800 mm matlangd registrerades for de betongingjutna
stangerna lTiksom dven for motsvarande oingjutna kontrollstidnger.

Belastningshastigheten var mycket 14g jamfort med vad som brukar anses
vara snabba forsok med stdlmaterial. Ddremot kan den inte anses vara
14g vid beaktande av betongs tidsberoende egenskaper.

Vid kamforsedd armering samt ndt minskade brottojningen nir stdngen var
ingjuten i betong. Brottdjningen var beroende av st&ngdiameter och
mangden omgivande betong. Vid okande sténgdiameter blev brottdjningen
storre dn vid mindre stdngdiameter och samma armeringsprocent. Vid
okande mangd omgivande betong minskade brottdjningen.

Vid sldta sta@nger upphorde samverkan mellan st&l och betong fullstindigt
vid stora tojningar oberoende av mangden omgivande betong. Vid tojning
motsvarande strackgrdnsomrdde for icke ingjuten armering var lasten vid
ingjuten armering hdgre dn vid icke ingjuten armering, vilket forklaras
av att stdlet Tokalt vid sprickorna kommer upp i konsolideringsspanning
medan Tasten tas av stdl och betong i samverkan mellan sprickorna. Detta
fenomen upptrddde inte vid sldta stédnger.

Vid dimensionering med avseende p& Gverpdverkan kan brottdojningen for
ingjutna kamstdl sdattas till 8 %. Vid sldta stdnger kan brottdjningar
upp till 18 @ 20 % utnyttjas.

Nat bor anvandas med forsiktighet sdsom energiupptagande element i be-
tongkonstruktioner. Brottdjningen kan variera starkt, exempelvis erhdlls
for en ingjuten ndtstang en brottdjning pd endast 0.4 % vid forprovningar
tiTl denna undersokning. Detta vdrde gdllde ett ndt med fri brottojning
pd endast 1.5 % vilket &r ldgre dn normerat vdrde 3 %. Om ndt anvdands som
energiupptagande armering bor brottojningen ej sdttas hdgre an 1 %.

I ett enkelt exempel visas att 1lin- och membranverkan hos balkar och
plattor dr vasentlig att soka utnyttja vid konstruktioner som kan ut-
sattas for Overpaverkan. Dessa effekter kan ge storre bidrag till

energiupptagningen @n balk- och plattverkan.



I fig 5b redovisas last-nedbojningskurva dels for en lina bestdende
av en ingjuten armeringsstdng med o-c-diagram enligt prov 8, dels
for en T1ina bestdende av en icke ingjuten stdng med samma o-e-dia-
gram som kontrollprovet till prov 8. (Se fig 4b).

Av figuren framgdr att den procentuella skillnaden i lastupptagande
férmédga vid viss nedbGjning dr stor (&@nda upp till 25 %) mellan en
ingjuten och en icke ingjuten Tina i tojningsomrddet 1/2 - 2 %.
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Fig 5b. Last-nedbdjningskurvor for lina av ingjuten (dp = 216)
resp icke ingjuten (dy = 0) armeringsstdng ¢ 12 Ks 40 med
o-e-diagram enligt fig 4b, prov 8 med kontrollprov.

Load-deflection curves at suspension action of embedded
(dp = 216) and non—embedded (dy = 0) bars # 12 Ks 40 with
stress—strain relationships according to fig 4b, tests 8.



Fig 5a.
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Exempel. Ti1l véanster i diagrammet last-nedbdjningskurvor
erhdl1na fran férsok av Birke |1| med armerade modellbalkar.
I diagrammet har inlagts berdknade last-nedbojningskurvor
vid linverkan hos armeringen (graderade med forlangning e).
Antaget, forenklat c-e-diagram for det ingjutna stdlet visas
i fig.

Example. To the left load-deflection curves from tests by
Birke |1| on reinforced model beams. The figure alse shows
caleulated load-deflection curves assuming suspension action
of the reinforcement. The strain € ig shown. The assumed,
idealized stress—strain relationship for the embedded bar
is also shown.




5 LINVERKAN VID BALK AVERKAD AV PUNKTLAST PA MITTEN. EXEMPEL

Vid s&dan forankring av underkantsarmeringen att horisontell drag-
kraft vid balkupplag kan upptas, torde forutsdattningar for lin-
verkan hos armeringen i ett sent brottskede foreligga. Balk med
punktlast pd mitten studeras under forutsattning enligt ovan.

Vid Tinverkan dr sambandet mellan last P och fdrldngning av arme-
ringen:

ddr g dr brottspanning for armeringen, for enkelhets skull forut-
satt konstant Gver hela tojningsomrddet. Aa dr armeringens area
och e dr fordelad tojning Sver armeringens hela 1dngd. Harledning-
arna ar gjorda under antagande av rdtlinjigt okande nedbGjning
fran upplag ti1l balkmitt. Det forutsdtts dven att tdjningen, e,
dr jamnt fordelad fran upplag till balkmitt.

Mittnedbdjningen y erhd11s ur

% = %— 2e + €2

Sambanden enligt ovan har tilldmpats p& ett exempel i fig ba. Ddr

visas last-nedbdjningskurvor for fyra armerade modellbalkar provade

av Birke [1]. 1 samma diagram dr inritade berdknade last-nedbdjnings-
kurvor for armeringen under forutsdttning av linverkan. Exemplet vi-
sar tydligt att stora vinster betrdffande energiupptagande formaga

hos balkar och plattor dr att géra om konstruktionerna utformas med
malsdattningen att i méjligaste mé&n nyttiggdra 1in- eller membranverkan.

Det skall dock papekas att exemplet ar idealiserat satillvida att
det forutsatts att forhallandena vid dragprov med centriskt ingjuten
armeringsstang ar direkt overforbara till det studerade fallet.



Test | Fc F.SF F‘f F1: “ hom = FF 7 nom
N1 ™ | MPa | kN/m | kN/m | kN/m | MPa T T
10 |4 |296|171° | 305 350 8,8 0,30
11 | 4,5|23,9| 245° | 418 485 10,8 0,45
12 | 4 |354]|300° | 579 652 16,3 0,46
13 | 4 |37,2]335% | e 705 17,6 0,47
14 | 4 |26,1]283% | 4% 571 14,3 0,55
15 | 8 | 40,9]613° [1046 | 1212 15,2 0,37
16 | 8 |38,1[557° | 877 | 1039 13,0 0,34
Table 3 Failure loads at Tests 10-16.
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Fig 6¢ Principal load-displacement curve and failure modes for shot-

crete arch with end supports.



In Tests 10, 13, 14 and 15 the adhesion crack spread to the horizontal
part of the shotcrete layer and the whole arch tumed free from the rock
blocks., At the 4 cm-tests this lead to buckling of the horizontal part.
In Tests 11, 12, 15 and 16 the failure was a shear failure because of
high compressive stresses in the "leg" of the shotcrete arch. See fig 6c.

The most important test results are shown in Tables 2 and 3.

Vertical load at adhesion

Test t fcilur:e [‘:')F )

. - Pt ad RNV Pf,ad, min
Left | Middle | Right | <"/m P
side block side

10 4 100 100 100 171 0,58

11 4,5 165 - 145 245 0,59

12 4 140 - 130 300 0,43

13 4 75 120 75 335 0,22

14 4 75 210 75 283 0,27

15 8 125 315 125 613 0,20

16 8 135 - 135 557 0,24

Table 2 Adhesion failure loads for different parts of the test specimen.

Tests 10-16.




error in the vertical force is +5% and in the horizontal force -5% the

error in the eccentricity will be about 2 ecm.

The test results show, however, that the carried vertical line load, p,

is highly influenced by the horizontal line load, h, at the joint (Fig 6b}.
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Fig 6b Applied vertical line load, pe af failure, as a function of the
corresponding horizontal line load, hf. Tests 1-9. When plotting
the values for Test specimens no 1 and 8 their low adhesion

strengths has been accounted for by proportioning the failure values.

6.2 ARCHES WITH END SUPPORTS

The tests were carried out in the same way as the tests with arches with-

out end supports.

At the same load levels as in Tests 1-9 an adhesion failure took place at
one of the joints. The adhesion crack propagated all the way to the end
support. After that the load could be increased again. At a somewhat high-

er load level an adhesion crack developed at the other joint.



Test La.yer—. fc fb'r fcd Pf FTF B8 e
thickness .
cm MPa |MPa |MPa | kN /section| kN/m cm
1 4 33.1| 8.2] 1.3 24 28 20 -
2 4 59.2112.8| 2.0 35 40 20 -
¢} 4 28.1| 8.8| 1.8 8¢9 102 5 2.3
4 4 30.3| 9.7( 2.0 # - - -
5 4 34.1| 8.6 1.9 54 62 16 0.4
6 4 30.0| 4.6| 2.0 124 142 0 4.1
7 8 44,50 7.1 1.9] 154 176 1 1.7
8 8 45.1| 8.4] 1.3 94 107 9 -1.8
9 8 46.9| 8.0| 1.6 164 187 -1 -0.2
Table 1 Main test results for shotcrete arches without end supports.

P and e are defined in chapter 6.1.

The angle B in Table 1 is calculated as arctan (V/H)-25o where V and
H are the vertical and horizontal forces at failure. 8 thus represents
the angle between the resultant support force and the inclined, lined
rock surface. See also Fig 7g, p 23. The eccentricity, e, is then cal-

culated from the value of B and geometrical data for the test rig.

In Tests 1 and 2 the rock blocks partly rested on their supports by mis-
take during the whole test. The measurement of the reaction forces then
became erroneous and the angle B could only be judged to be less than

(o]

20,

The test results show that some variation of the angle B has been ob-
tained. The calculated values of the eccentricity, e, however, are in
some cases larger than the maximum eccentricities obtained from calcu-
lations assuming a linear stress distribution over the shotcrete section and
material strengths equal to those obtained from control tests. One explana-
tion is that the calculated value of the eccentricity is very sensitive fo

small errors in the measured forces in the steel bars. For instance if the



From that on the load was increased about 8 kN in each step. While

the load was kept constant in each step gauge readings were taken.

The failure was always sudden. It was always a spalling failure of the

shotcrete layer from one of the fixed blocks. See Fig éa.

There was no clear indication that the thickness of the layer influenced

the carrying capacity.

In Table 1 the most important test results are shown.
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Fig 6a Principal load-displacement curve and failure mode for

shotcrete arch without end supports.



6.1

MIXING OF CONCRETE, SHOTCRETING AND CURING

Standard cement and gravel (0-8 mm) were used for the concrete. The
weight ratio was 1:4.5. The amount of water added to the shotcrete
was regulated by the nozzleman and was normally kept at a practical

minimum.,

The specimens were nomally shotcreted in two layers. The second

layer was applied about three hours after the first one.

MEASUREMENTS

The load was opplied through hydraulic jacks and measured by a mano-
meter which was connected to the hydraulic system. The jacks and

the same manometer were calibrated in a laboratory testing machine.

The reaction forces in the steel bars were measured with strain gauges
coupled as a full bridge. The evalution of the strains was done by read-
ing the unbalance of the gauge bridge on a digital voltmeter with a
sensitivity of 0.01 mV. The steel bars were calibrated in a laboratory
testing machine together with the same voltmeter and constant-voltage

source,

In Tests 13-16 the vertical displacement between the fixed rock blocks
and the loaded one was measured with dial gauges with a sensitivity

of 0.01 mm.

TEST DESCRIPTIONS AND TEST RESULTS

ARCHES WITHOUT END SUPPORTS

At the beginning of each test zero readings were taken. Then the horizon-
tal steel bars were tensioned to about 3 kN while the rock blocks were
still resting on their supports. Then the foad was increased to about 40 kN
- a level corresponding to four times the weight of the rock blocks and

the shotcrete,



3.2 CONTROL TESTS

A flat box 45 x 45 cm with the height equal to the thickness of the
shotcrete in the main test was shotcreted and stored together with
the main test specimen. On the testing day cubes and beams were

sawed out of this shotcrete plate.

3.21 Testing of the compressive strength

The 8 cm cubes were investigated in a 1.0 MN testing machine. A
mechanical force gauge was put into the testing machine when the 4
cm cubes were tested. The compressive strengths presented in this re-
port are the mean values of three cubes. No correction for the size

of the cube was made.

3.22 Testing of the flexural strength

The span length of the investigated beams was 40 em. A two point
loading system was used. The loads were applied at the third points,
The cross section was square and the side length was equal to the

thickness of the shotcrete layer in the main specimen.

The flexural strengths given in this report represent the mean values

of two tests. No correction for beam size was made.

3.23 Testing of the adhesion strength

Cores with 42 mm diameter were separated from the shotcrete by drill-
ing down to the rock surface. A steel plate with a centric pin was
glued to the top of each core with epoxy resin. The cores were loaded
in tension, and the force was measured ot failure. The adhesion strength,
fqd’ the force divided by the core area, was calculated. Three cores

were tested for each test in the main test series.



As earlier the test rig was fixed to the ground with a hinge parallel
to the long side. This arrangement made shotcreting and curing possible
with the rock surface in a vertical position while the test were per-

formed with the free block in a horizontal position loaded upwards.

In Tests 1-14 the width of the 4 cm shotcrete layer was 87 cm and
in Tests 15-16 with 8 cm thickness 48 cm. The 48 cm layer was di-
vided into two strips of 24 cm éach. The reason for having a smaller
width of the thicker layers tested with end supports was the limited

load copacity of the hydraulic jacks.

In Tests 1-10 the adhesion between the shotcrete and the middle rock
slab was prevented at two 12 cm wide strips across the slab at each
joint. The purpose was to get an even distribution of the compressive

stresses in the shotcrete at the joints.

____ Shotcrete
Rock slabs

{_Hydraulic jacks
| Steel rig

Fig 3a Test rig. Fig. shows the test rig when testing shotcrete arches

without end supports.



tal plane. Horizontal and vertical steel bars @50 and @26 mm res-
pectively were introduced to take the horizontal and vertical reac-
tions during loading. The steel bars were equipped with strain gauges
for the evaluation of the respective forces. The horizontal bars could
be placed on three different levels - by this arrangement the direction
of the resultant support reaction could be varied, though within a

limited range.

Fig 2a Loading caose studied in Tests 1-9.

Fig 2b Loading case studied in Tests 10-16,



1. INTRODUCTION

This report deals with the second step of a large Swedish shotcrete investiga-

tion. The first step of it wos presented and reported in /1/.

In /1/ a description is given of large scale tests made with plane shot-
crete layers, both unreinforced and reinforced. The report also con-

tains results of calculations on some theoretical models.

The purpose of the first step was to study the failure mechanism of plane
shotcrete layers subjected to punch loads from penetrating blocks. By
the combination of tests and theoretical calculations used in /1/ it was
possible to distinguish between a good design and a less good design of
a shotcrete lining in different situations. The results presented in /1/

are assumed to be valid even for linings with a slightly curved shape.

The purpose of the present part of the investigation was to study the

failure mechanism of curved shotcrete layers subjected to punch loads.

2. LOADING CASE AND SUPPORT CONDITIONS

In this step of the investigation the tested shotcrete structures were sub-

jected to a punch load from a single block.,
Two different support arrangements were used:

In the first 9 tests the shotcrete lining was fixed to the rock blocks by

its adhesion only (Fig 2a).

In tests 10-16 the shotcrete lining also had fixed end supports (Fig 2b).

3. TEST RIG AND TEST SPECIMENS

3.1 MAIN TESTS

—_

The main tests were made in the 3,7 m x 1,2 m test rig used in the
first step. It was now modified to be suited to the new geometrical

conditions. The outer rock slabs were placed in 25° angle to a horizon-



NOTATIONS

Ec modulus of elasticity for concrete
Er modulus of elasticity for rock

e eccentricity

fqd adhesion strength

fbt flexural strength

fc compressive strength

h horizontal line load along a joint
H horizontal force

) vertical line load along a joint
P vertical load

r resultant line load along a joint
R resultant force

t thickness of shotcrete layer

\% vertical reaction force

B8 angle

o normal stress

T shear stress

indices: f for failure, h for horizontal, v for vertical



7.42  Influence of the eccentricity
7.5  SOME CONCLUDING REMARKS ON THE FE-CALCULATIONS
8. SUMMARY

REFERENCES
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Fig 7¢ Transformation of nodal forces to stresses along the element

boundary.



"Old" FE-mesh.

Fig 7a

v
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"New" FE-mesh.

Fig 7b



of the elements at the joint along the contact surface between the

lining and the fixed slab.

The resultant of the restraint forces on the free block and the applied
load was calculated. The resultant line load, F, is presented in the

figures for each loading case together with the corresponding vertical
and horizontal line loads, 5 and h. The nodal forces on the elements
situated in the interesting area were transformed manually to distribut-
ed forces (stresses) along the element boundary perpendicular and par-

allel to the rock surface (Fig 7c).



7.2

STRESS SITUATION AT SHOTCRETED ROCK

JOINTS STUDIED BY THEORY OF ELASTICITY

INTRODUCTION

The test described in /1/ were performed with the transferred lood
from shotcrete to rock perpendicular to the rock surface. The tests
described in this report were performed with the resultant force at

the joint acting nearly parallel to the rock surface.

In the first case it is obvious that the tensile adhesion strength is
decisive for the failure. In the second case it could be the tensile
or the shear adhesion strength or a combination of them which governs

the failure.

In order to illustrate this subject some finite element calculations
were made of the stress state near the joint between two elastic

slabs lined with a layer of elastic material.

FE-MESH AND METHOD OF EVALUTION

The first FE-calculations were made with a manually constructed mesh
(Fig 7). Later on this mesh was replaced with another one which
was automatically constructed by a set of programs for the construc~
tion of FE-meshes, which was developed at the Research Dept. of

the Royal Swedish Fortifications Administration /2/ (Fig 7 b).

The calculations were made by a commercially available program
(STARDYNE). The assumption for the calculations were plane state
of stress and homogenous, isotropic, elastic material. The default

value 0.3 for Poissons ratio was used.

The computer program gave element stresses, nodal displacements and
nodal forces for the whole structure. In this treatment attention was

paid only to the restraint forces at the supports and the nodal forces
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Fig 6d Vertical displacement, p , of the middle block as a function
of the applied vertical line load, B. Numbers at curves in-

dicate test number. R stands for right side and L for left side.



The test specimens 11-16, which were not provided with adhesion preven-
tive tape on the middle rock nearest to the joint, showed the same be-
haviour at adhesion failure as test specimens 1-10. The adhesion failure

load level was also the same for these two groups.

The deformation measurements are shown in Fig 6d. The curves show that
no special indication of an imminent failure is to be expected in cases
similar to the ones tested here. The gap between the shotcrete and the
rock was several millimeters at loads considerably lower than the failure
load. These results suggest that shotcrete linings may stand free from the
rock without any noticeable signs of being heavily loaded. The pressure

of water or ice in such a gap may become fatal in the long run.



Failure of Test specimen no 6.

Failure of Test specimen no 11,



7.3

7.31

7.32

FORCE INCLINED TO THE ROCK SURFACE

Influence of different moduli of elasticity.

One loading case (Fig 7d) was treated with the values 5 and |
of the ratio modulus of elasticity for rock to modulus of elasticity
for concrete (E/Ec)' The results are shown in Figs 7e-f. The
maximum tensile adhesion stress is only slightly influenced by the
variation of E/Ec’ while the maximum shear adhesion stress is

obviously influenced.

The shear stress level, however, is lower than the adhesion stress
level in both cases. The shear strength of o normal, rough rock-
shotcrete interface can be judged to be much higher than the
tensile strength. Because of that it can be assumed that the tensile
adhesion strength alone is decisive for the failure. The influence
of the ratio E/Ec was judged to be of less importance than other
parameters and thus this ratio was kept constant and equal to 1

in the continued part of the investigation.

Influence of different FE-meshes.

As the mesh happen to be altered during the investigation an oppor-
tunity was given to study the effect of this change and thus get an

idea of the reliability of the FE-calculations in this respect.

In the old mesh the number of nodes and elements were 174 and 156

respectively. In the new one the corresponding numbers were 202

and 261.

A comparison of Figs 7f and 7i shows that the maximum tensile ad-
hesion stress at the contact surface obtained with the old grid s
93% of the stress obtained with the new one. The corresponding

percentage for the shear adhesion stresses is 64%.



A comparison of the principal stresses in elements equally situated

in the two meshes near the joint show that the difference between
the results of the two meshes is relatively small as far as the radii
and angular position of the Mohr circles are concerned. Where the
absolute value of one principal stress, however, is much smaller

than the other one, large relative differences in those smaller princi-

pal stresses are of course obtained when the two grids are compared.
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Fig 7d Loading case A and resultant force in this case for Er/Ec: 5.



Fig 7e Stress distributions at the joint. Loading case A. E/Ec: 5.
p =50 kN/m, h =137 kN/m, 7= 51.9 kN/m.

Notice different scales for o and T .



Fig 7f Stress distributions at the joint. Loading case A. El/EC= 1.
p =5 kN/m, h=16.7 kN/m, F= 52.7 kN/m.

Notice different scales for o and 1.



7.33

A comparison of this kind can of course only give an indication
if the FE-solution is sensitive for for the subdivision of the struc-
ture into elements. The results show that the choice of mesh does
not seriously influence the results in areas where the stresses are

of an interesting magnitude.

Influence of the force inclination.

When the middle slab of the FE-structure is loaded, the curvature
and the prevented horizontal movements at the supports and at
corner nearest to the shotcrete joint cause a horizontal force. T his
horizontal force together with the applied vertical load defines
the loading case at the joint. By changing the load position and
thus the moment curve some variation of the inclination of the
resultant force was obtained. The angle 8 (see Fig 7 g) was 57.00,
46.6° and 39.6° in the three cases studied. The variation of the
maximum tensile adhesion stress because of the changed angle of
inclination is rather small (Figs 7h to j). The variation of the
maximum shear stress is larger but the stress level is low in all

three cases.
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Fig 7g Loading cases B, C and D and the corresponding resultant

forces for EI/EC =1. P= P] + P2 + P3'



Fig 7h Stress distributions at the joint. Loading case B. E/Ec = 1.
=50 kN/m, F=5,5kN/m, F=50.3kN/m.

Notice different scales for 0 and T .
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Fig 7i Stress distributions at the joint. Loading case C, En/Ec = 1.
p =50 kN/m, R = 15.9 kN/m, 7= 52.5 kN/m.

Notice different scales for o and .



Fig 7 Stress distributions at the joint. Loading case D, E'/Ec = 1.
p =150 kN/m, h=22.9kN/m, =550 kN/m.

Notice different scales for o and .



7.4

7.41

7.42

FORCE PARALLEL TO THE ROCK SURFACE

General remarks.

For the calculations in this case one boundary condition was changed
compared with the earlier cases. To obtain a resultant force parallel
to the rock surface it was not possible to keep the condition of the
left vertical boundary being a section of symmetry. The restraints
along this boundary were released and two of the nodes were loaded
with horizontal forces which produced the desired resultant force to-
gether with the vertical load. By variation of the ratio between the
two horizontal forces the eccentricity of the resultant force was vari-

ed relative to the cross section of the shotcrete layer.

The calculations were performed for the "old" mesh with equal moduli
of elasticity for the two materials and with three values of the eccen-
tricity: +2.0, 0.0 and - 1.2 cm. Here the minus sign implies that
the resultant force acts above the midpoint of the cross-section of

the shotcrete layer, see Fig 7k.

These eccentricities are chosen smaller than the eccentricity at tensile
cracking. At tensile cracking of a 4 cm section the eccentricity of
an axial force equal to the one used in the FE-calculations is 2.4 cm

when the flexural tensile strength is 8 MPa.

Influence of the eccentricity.

The results of the FE-calculations are shown in Figs 71 ton. The
stresses are only slightly affected by the variation of the eccentric-
ity.

From the stress magnitudes and distributions in this cases it can be

concluded that the tensile adhesion strength alone is decisive for the

failure. There are two reasons for such a statement:

a) The tensile adhesion stress obtained by this analysis is larger than

the maximum shear stress.



b) The tensile adhesion strength is probobly always lower than the

shear strength because of the roughness of the contact surface.

Fig 7k Loading case E. p = 50 kN/m, h = 107 kN/m, 7= 118 kN/m.



Fig 71

Stress distributions at the joint. Loading case E. E/Ec
e=+2.0 cm.

Notice different scales for c and 7.

1.
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Fig 7m Stress distributions at the joint. Loading case E. Er/Ec =1,
e=7%0.

Notice different scales foro and .



Fig 7n Stress distributions at the joint. lLoading case E. EI/EC = 1.
e=-1.2 em.

Notice different scales for 0 and T .



7.5

SOME CONCLUDING REMARKS ON THE FE-CALCULATIONS

It must be clearly stated that the tensile adhesion peak stress is
highly influenced by the local geometry at the joint. The exact
solution for a sharp corner in an elastic medium is an infinite
tensile adhesion stress. The FE-calculations, however, give aver-
age stresses which are considered valid for each element as a
whole. These elements are not small compared to the area where
the stress peak is situated. Of course this means that the absolute
values of the maximum adhesion stress cannot be used for a com-
parison with values of the adhesion strength obtained from core
tests. The FE-results represent some unknown stress concentration
factor and the core tests an other unknown one. At the large scale
tests the local geometry probably was favourable for the stress
distribution. The joint between the rock blocks was filled with
fabric before shotcreting but this could not prevent the shotcrete
from penetrating some millimeters into the joint and thus forming

a smooth transition from shotcrete to rock.

It is uncertain if the different FE-results can be compared with
each other when regarding the "average peak stress" because of
the big difference in stress gradient. The stress gradient seems to
be much larger at a force parallel to the rock surface than at a

force inclined to the surface.

What can be concluded from the FE-calculations, however, is that
tensile adhesion stresses probably always governs the failure at shot-

creted rock joints subjected to punch loads,

The shear stress obtained by this analysis is of a smaller magnitude
than the tensile stress. It is also distributed over a larger length

than the tensile adhesion stress.



SUMMARY

16 curved shotcrete layers interacting with rock blocks were tested

in a large scale.

The tests showed that the primary failure of the shotcrete - rock
structure always is an adhesion failure. The primary failure load is
in practice independent of the layer thickness. For the fested cases
the primary failure is also the final failure unless end supports for

the shotcrete arch are provided,

A shotcrete arch with end supports subjected to large compressive

forces may stand free from the rock over large areas.

Finite - element calculations of the stress state at the rock -shot-
crete interface near a joint indicate that the governing parameter
determining the failure is the tensile adhesion strength rather than
the interface shear strength. This statement seems to be valid for
all loading cases when shotcrete interacts with hard, jointed rock

masses .
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