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Abstract.

This paper highlights results of some experimental work that deals with strengthening of bolted shear joints in thin-

walled ferrocement structure where steel wires, bent into U-shape are considered as simple inserts around the bolt hole. The
parameters investigated include the number of layers of wire mesh, edge distance of bolt hole, size and location of the inserts.
Test results have shown that for small edge distance, failure occurred either in cleavage or shearing mode, and the strength of the
joint increased with an increase in the edge distance. This continued up to an upper limit set by either tension or bearing failure.
The experimental study further revealed that for a given edge distance the strength of a joint can significantly be enhanced by
using U-inserts. The equations developed for predicting joint strength in ferrocement composites can also be modified to include

the effects of the inserts with a good level of accuracy.
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1. Introduction

Many researches are conducted for improving structural
behaviors by applying new ideas. For example, the effects
of ductility on behavior of braced frames (Andalib et al.
2010, 2011, Bazzaz 2010, Bazzaz et al. 20113, b, 2012a,
2012b, 2014, 2015, Fanaie et al. 2012, 2016a, b,
Mohammadhassani et al. 2015, Mansouri et al. 2016,
Momenzadeh et al. 2017) or composite beams (Shariati
2013, Shariati et al. 2013, 2014a, b, 2018, Fanaie et al.
2015, Khorramian et al. 2015, 2017, Shariati et al. 2015,
2016, Shahabi et al. 2016, Tahmasbi et al. 2016, Jamkhaneh
and Kafi 2017, Hosseinpour et al. 2018, Ma et al. 2018) are
studied extensively.

Novel and various approaches have been used for this
purpose (Mohammadhassani et al. 2013, 2014, Toghroli et
al. 2014, 2016, Safa et al. 2016, Khorami et al. 20173, b,
Stanojevic et al. 2017). There are various benefits over the
conventional structural materials and analysis methods
(Heydari and Shariati 2018, Toghroli et al. 2018). In recent
years, ferrocement composite has made remarkable
advances not only in the utilization of advanced materials
and composites, but also in various aspects of its
manufacture. Mechanized fabrication of reinforcement
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cages, employment of modern precast technology and use
of bolted connections to assemble precast units have
transformed ferrocement, once regarded as a low-tech
construction material, into a quality material of choice in
many practical applications (Abdul Awal 1988, Balaguru
and Batson 1997, Naaman 2000, Shah 2011, Mourad and
Shannag 2012, Li et al. 2013). Among the advanced
technologies applied to ferrocement, the concept of
connecting the thin-walled concrete elements by bolts has
opened up new possibilities for exploring innovative
applications embracing high-level industrialized
construction techniques. One such application conceptually
arrived at is the construction of a two-storey housing system
using precast channels and half-box panels (Naaman 1989,
Naaman and Hammoud 1992). It has been proposed that
these prefabricated elements can be assembled on site by
using bolts instead of a wet joint (Mansur et al. 1987,
Krishnamoorthy et al. 1990, Murali 1997, Li et al. 2018).
One of the most common types of joints in such a structural
system is “shear type’ joint.

Tests conducted in the past (Abdullah and Alwis 1994,
Mansur 1995, Katula and Dunai 2015, Ksentini et al. 2015,
Lopez-Arancibia et al. 2015, Guo et al. 2016a, b) have
revealed that this type of joints may fail in four different
modes: tension, cleavage, shear and bearing, as shown in
Fig. 1. Based on plasticity theory, analytical expressions for
estimating the strength of a joint failing in tension or shear
were also proposed by Abdullah and Alwis (1994), while
Hammoud and Naaman (1998, 2000) proposed a simple
expression based on finite element analysis to predict the
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Fig. 1 Various modes of joint failure

strength of a joint failing in cleavage mode. With the
establishment of the bolt-bearing strength of ferrocement
through a comprehensive investigation by Mansur et al.
(2001), the technical information necessary to accomplish
rational design of a bolted shear joint is now available. The
expressions predicting the ultimate strength P, Py, Ps, and
Py, of a joint failing respectively in tension, cleavage, shear
and bearing may be summarized as follows

Tension mode of failure:
P, = h(w — d)f; @
Cleavage mode of failure:
P, = 1.67h(e — 0.5d)f, )
Shear mode of failure:
Ps = eh(f,f)°° ©)
Bearing mode of failure:
P, = 2f. hd 4)

in which, e is the edge distance of the bolt hole, h is the
thickness of joint specimens, w is the width of plate, d is the
diameter of bolt hole, f, is the tensile strength of
ferrocement composite, f. is the compressive strength of
the composite, which may be taken same as the cylinder
compressive strength of mortar, and f.* is the reduced
compression capacity of the mortar due to the existence of
perpendicular tension = v f.. The recommended value of the
reduction factor, v for ferrocement is 0.53 (Naaman and
Hammoud 1992). A close scrutiny of these equations
reveals that the strength of a given joint with known
geometry and strength properties of the composite that fails
in either tension or cleavage modes is governed by tensile
strength, f; of the composite, while that failing in bearing is
governed by its compressive strength, £.. In contrast, the
shearing mode of failure is governed by both tensile and
compressive strength of the composite. In cement-based
composites, the tensile strength is solely provided by the
reinforcement.

Therefore, the strength of a joint failing in any of the
three modes - tension, cleavage or shear can be enhanced by
using simple inserts around the bolt hole. When suitably
placed, the insert will contribute to f;, thus improving the
capacity and efficiency of the joint without having to
change its geometry or details of the members being
connected. A previous attempt to strengthen a shear joint by

embedding steel pipes to pre-form the bolt hole was not
successful (Mansur 1995). The present investigation on
bolted shear joint in ferrocement has been directed towards
exploring the extent of strengthening that can be
accomplished by incorporating simple U-shaped steel
inserts around the bolt-hole.

2. Experimentation
2.1 Test program

In all, 28 ferrocement plate specimens in the form of
symmetric butt joints were tested in direct tension. Each
specimen was 400 mm long, 150 mm wide and 20 mm
thick. They were symmetrically reinforced across the
thickness and contained 2 bolt holes near two ends, one
being 16 mm in diameter (test hole) and the other 20 mm
(Fig. 2). The region near the 20 mm bolt hole was
strengthened with additional wire mesh to ensure that the
failure would take place at or around the 16 mm diameter
test bolt hole. The general view of the test setup is
illustrated in Fig. 3.
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Fig. 3 A view of test setup.
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Table 1 Test program and specimen details

*Details of steel insert

s1 @ Number -
No & Group Specimen of mesh\  Diameter, Dimension,  Distance, (mm)
@ layers, N @ (mm) x (mm) y (mm)
1 N4-E35 35
2 N4-E50 50
3 N4-E65 65
UA 4
4 - N4-E80 80
o
5 % N4-E95 95
6 =3 N4-E110 110
=g 0 N/A N/A
7 = N2-E35 35
8 :)é N2-E50 50
9 = N2-E65 65
uB
10 N2-E80 80
11 N2-E95 95
12 N2-E110 110
13 D4-X25-Y5-E35 35
14 D4-X25-Y5-E50 50
15 D4-X25-Y5-E65 65
SB 4 5
16 D4-X25-Y5-E80 80
17 @ D4-X25-Y5-E95 2 95
18 § D4-X25-Y5-E110 25 110
19 :)T D3-X25-Y5-E35 3 35
20 = D3-X25-Y5-E50 50
w3 sSD
21 D D5-X25-Y5-E35 35
£ 5 15
22 < D5-X25-Y5-E50 50
()]
23 § D4-X25-Y15-E35 35
& SY 4
24 = D4-X25-Y15-E50 50
25 D4-X50-Y5-E35 50 35
26 D4-X50-Y5-E50 50
SX 4 5
27 D4-X75-Y5-E35 - 35
28 D4-X75-Y5-E50 50

*Refer to Fig. 2

Table 1 shows details of the test program. In the test
program the specimens are divided into two series, S and U,
designating specimens with and without strengthening by
using steel wire insert. Each series is subsequently divided
into a number of groups investigating a particular test
parameter. The major parameters considered include the
number of layers of wire mesh, N, edge distance, e, of the
bolt hole, wire diameter, @, of U-shaped insert similar to a
staple, the dimension of insert between the two outstanding
legs, x, and the distance y of the insert from the free edge
defining its placement in the joint (Refer to Fig. 2). Each
specimen is designated by the above test parameters in
capital letters, each followed by a numeral indicating its
value in millimeters, where applicable.

Specimens in the basic series U were divided into two
groups, UA and UB, depending on the number of layers of

wire mesh, 4 and 2, respectively. Each of these groups
contained six identical specimens in which the edge
distance, e, of the bolt hole was varied from 35 mm to 110
mm at an increment of 15 mm, as can be seen in Table 1.
Strengthened specimens in Group SB are identical to those
of the corresponding specimen in Group UB, except that
each of these specimens contained a steel wire insert of 4
mm diameter having the dimension, x = 25 mm and placed
aty =5mm.

The strengthened specimens in the remaining Groups
SD, SY, and SX were identical to those in Group SB with
only two positions of the bolt hole, that is, e equal to 35 and
50 mm. The differences were in the diameter of insert wire
@, placement distance y, from the edge of the plate, and the
dimension x of the insert for the specimens in Groups SD,
SY and SX, respectively.
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2.2 Materials and preparation of specimens

Galvanized welded wire mesh of 12.5-mm square
openings and 1.42-mm wire diameter was used as
reinforcement throughout the test program. Three different

Table 2 Strength of various types of steel

Yield strength,  Ultimate strength,

Type of steel f,(MPa) f,,(MPa)
Wire Mesh 361 447

3 mm diameter wire 566 668

4 mm diameter wire 502 590

5 mm diameter wire 510 541

sizes of steel wires of 3 mm, 4 mm, and 5 mm in diameter,
bent in U-shape (staple) were used as steel insert around the
bolt hole (Fig. 2). Tension tests were conducted on
representative mesh samples and individual steel wires. The
average yield strength, based on 0.2% permanent strain, and
the ultimate strength obtained are presented in Table 2.

All specimens were symmetrically reinforced across the
thickness with a clear mortar cover of 3 mm, and the steel
inserts were placed in the middle. Bolt holes were pre-
formed by inserting same diameter bolt through the circular
opening drilled through the plywood molds at appropriate
locations. One longitudinal and one transverse wire from
each layer of mesh had to be cut to make room for the bolt
hole. Ordinary Portland cement, natural sand passing
through ASTM sieve No. 16 (1.18 mm) and fineness

Table 3 Test data and comparison with theoretical predictions

Experimental Calculated
Mortar
No. Specimen strength  Mode of —— L'oad Mode of  Pu, calc %’%F—Ct
fe(MPa)  fajlure ~ Firstcracking Pu,expt  fajjyre  (kN) ‘
(kN) (kN)
1 N4-E35 377 S/C 5.9 9.15 C 8.25 111
2 N4-E50 377 S/C 6 14.03 C 12.83 1.09
3 N4-E65 377 S/C 6.7 19.48 C 17.41 1.12
4 N4-E80 377 S 7 23.31 S 21.63 1.08
5 N4-E95 377 T/B 8.6 28.22 T 24.13 1.17
6 N4-E110 37.7 T/B 9.3 29.31 T 24.13 121
7 N2-E35 379 S/C 5.4 6.56 Cc 4.12 1.59
8 N2-E50 379 S/C 5.62 9.32 Cc 6.42 1.45
9 N2-E65 379 Cc 6.5 11.87 Cc 8.71 1.36
10 N2-E80 37.9 TIC 8.41 14.4 C 11 1.31
11 N2-E95 37.9 T 8.5 15.11 T 12.26 1.23
12 N2-E110 37.9 T 9.01 15.51 T 12.26 1.27
13 D4-X25-Y5-E35 37.1 S 6 10.3 S 9.46 1.09
14 D4-X25-Y5-E50 37.1 S 7.31 14.11 C 1351 1.04
15  D4-X25-Y5-E65 37.1 S 5.8 17.45 C 17.56 0.99
16 ~ D4-X25-Y5-E80 37.1 S 8.8 21.01 C 21.53 0.98
17  D4-X25-Y5-E95 37.1 T 9.2 23.81 C 23.74 1

18 D4-X25-Y5-E110 37.1 T 9.5 22.58 C 23.74 0.95
19  D3-X25-Y5-E35 41 S/C 5.81 8.5 C 8.97 0.95
20  D3-X25-Y5-E50 41 S 7.52 13.2 C 12.82 1.03
21  D5-X25-Y5-E35 41 S/C 6.61 14.8 S 11.33 1.31
22  D5-X25-Y5-E50 41 S 8.51 18.9 C 16.18 1.17
23 DA4-X25-Y15-E35 41 S 6.11 13.21 S 9.94 1.33
24  D4-X25-Y15-E50 41 S 6.18 14.34 Cc 14.2 1.01
25  D4-X50-Y5-E35 39.4 S 5.59 11.82 S 9.75 1.21
26 D4-X50-Y5-E50 39.4 S 8.45 16.5 C 13.92 1.19
27  D4-X75-Y5-E35 39.4 S 5.32 13.01 S 9.75 1.34
28  D4-X75-Y5-E50 39.4 S/C 7.09 16.7 C 13.92 1.2
Average 1.17
Standard deviation 0.16
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modulus of 3.15 was used. The sand-cement ratio by weight
was 2:1 and water-cement ratio was 0.55 throughout the
study.

The specimens were cast on a vibrating table by placing
the mold vertically on one of its sides. Six 100 x 200 mm
control cylinders were cast for each batch of mortar to
determine its compressive strength. The hole-forming bolts
were removed 3 hours after casting. Upon stripping off the
molds 24 hours later, the specimens together with the
control cylinders were moist cured for six days followed by
air-curing in the laboratory before testing. The average
cylinder compressive strengths at the time of testing of
parent specimens are presented in Table 3.

2.3 Instrumentation and test procedure

The tests were conducted in a 50-ton capacity servo
controlled Instron testing machine. The bolted specimen
was loaded via steel links, as shown in Fig. 3. The bolt
material and size of the bolts were selected to preclude bolt
distress prior to failure of the ferrocement plate material. A
set of four LVDT’s is used to acquire information on
specimen deformation, particularly the displacement of the
bolt. A preload of 100 N was applied to the specimen before
the bolts were tightened in order to avoid initial load
eccentricity. In all cases, the nut was tightened to finger
tight condition with washers on both sides of the specimens.
The internal diameter of the washer was 17.8 mm, while the
external diameter was 38.6 mm, the thickness being 3.45
mm. The load was applied with a constant cross head
displacement rate of 0.1 mm/min. The initiation crack was
carefully observed and the corresponding load was
recorded. The ultimate load and mode of failure were noted
after failure.

3. Test result and discussion
3.1 General behavior

Typical load versus bolt displacement curves of the
specimens are presented in Fig. 4. It may be seen that the
curves are linear up to about the cracking load. In general,
cracks were initiated at the hole-boundary due to stress
concentration. The loads at which cracks became visible
(the bolt hole was partly obstructed by the loading device)
ranged from about 40% to 60% of the ultimate load, and
these values are shown in Table 3. Cracking was
accompanied by a slight decrease in the slope of the curve,
but the relationship remained essentially straight. As the
load was increased, additional cracks formed and the
existing cracks propagated in a radial direction. However,
the width of cracks remained quite narrow indicating that
the integrity of the joint remained relatively unaffected up
to about 80%-90% of the ultimate load. Beyond this load
level, cracks started to grow rapidly with increasing load,
and the corresponding load-displacement curve started to
deviate significantly from linearity, gradually becoming
horizontal. Thereafter, bolt displacement increased with
associated drop in the applied load. Fig. 5 reveals the
cracking patterns of the specimens after failure.
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Fig. 4 Typical load vs. bolt displacement curves

Fig. 5 Typical mode of failure of test specimens

After failure, the specimens were carefully examined for
the type and direction of cracking, and crushing of the
concrete to identify the mode of failure. Four basic failure
modes - tension, cleavage, shear and bearing, as illustrated
in Fig. 1 and reported earlier by Mansur et al. (Abdullah
and Alwis 1994), have been identified. The modes of failure
identified for each specimen are listed in Table 3. It may be
seen that the shear failure was the most commonly observed
failure mode and in most cases, cleavage failure was
associated with shear failure.

3.2 Effect of edge distance, e

It may be recalled that each of the Groups UA, UB and
SB consists of six identical specimens, differing only in the
edge distance, e, which was varied from 35 mm to 110 mm
at an increment of 15 mm (Table 1).

Specimens in Group UA contained four layers of wire
mesh, while those in Group UB contained only two layers.
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Fig. 6 Effect of (a) volume fraction of reinforcement; and
(b) using U-insert on ultimate strength of the joint

The specimens in Group SB were identical to those in
Group UB, except that each of these specimens was
provided with a 4-mm diameter U-shaped steel-wire insert
in an attempt to enhance the joint strength. For the
remaining groups, two different e-values, 35 mm and 50
mm were used for two identical specimens.

Referring to Table 3 and Fig. 6, it may be clearly seen
that an increase in the value of e increases the joint capacity
provided the reinforcement details in and around the bolt
hole remains identical. However, this continues only up to a
certain value depending on the relative values of tensile and
compressive strengths of the composite. Thereafter, joint
capacity remains almost constant. As mentioned earlier,
shear failure is the most common type of failure when the
edge distance is small say, in the present case, less than
about 80 mm, and this type of failure is frequently
associated with a cleavage mode. Similar observations were
reported earlier by Mansur et al. (Abdullah and Alwis
1994). For large edge distance, failure occurs either in
tension or bearing. Being independent of the value of e
(shown in Egs.1-4), the strength of the joint failing in one of
these modes represents the upper bound of the strength of a
joint.

3.3 Effect of number of mesh layers, N

The effects of the number of layers of wire mesh or, in
other words, the volume fraction of reinforcement may be

observed from the results of Groups UA and UB plotted in
Fig. 6(a). The specimens in these groups contained 4 and 2

layers of square wire mesh, which corresponded to a total
volume fraction of reinforcement of 5.06% and 2.53%,
respectively. It may be seen that for a given edge distance,
use of a higher volume fraction of reinforcement leads to a
higher joint strength for obvious reasons.

A close examination of the failure modes for two groups
of specimens presented in Fig. 5 shows that for the small
values of e, the shear and cleavage failures are more
dominated for Group UA specimens than those are in Group
UB, respectively. This indicates that the specimens with low
tensile strength (less steel) are more susceptible to cleavage
failure. Similarly, these specimens are likely to fail in
tension for large values of e. Obviously, the strength of a
joint in direct tension increases as the amount of
reinforcement is increased, eventually exceeding the
bearing strength. This is evidenced by bearing failure of the
two specimens with large values of e in Group UA (Fig. 5).

3.4 Effect of U-inserts

Each of the specimens in Group UB contained two
layers of wire mesh. The specimens in Group SB were
identical to those in UB except that a 4mm-diameter U-
shaped steel wire was placed in between the two layers of
wire mesh enclosing the bolt hole. This shape was selected
to furnish additional reinforcement directly through the
critical section for cleavage and tension failure, and to
intercept the tapered failure surface in shear. By referring to
Fig. 6(b), it may further be noted that the addition of a U-
insert for the specimens in Group UB enhanced the strength
of the joint up to about 60%. It may be noted that these
specimens contained only two layers of wire mesh which
corresponds to 2.53% volume faction of reinforcement. For
higher volume fraction of reinforcement, such dramatic
improvement in joint strength may not be possible to
accomplish because of the possibility of reaching
compression capacity of the mortar.

Inclusion of U-inserts also changed the mode of failure,
as can be seen in Table 3. In Group UB, signs of cleavage
failure (initiation of crack directly below the loading point
in a direction parallel to loading) were observed in several
instances but, no such sign was displayed by specimens in
Group E. The modes of failure for specimens in Group UB
were mostly shear and tension. Hence, the addition of U-
inserts not only increases the strength of a joint but also
reduces the possibility of cleavage type failure.

3.5 Effect of diameter of inserts

Three different sizes of wire-inserts, 3 mm, 4 mm and 5
mm in diameter, were used in this experiment for two
values of e, 35 mm and 50 mm (Group SD and specimens
13 and 14, See Table 1). It may be seen in Fig. 7(a) that for
a given value of e, an increase in wire size increases the
ultimate strength of a joint. However, no change in the
modes of failure was noted for the three different sizes of
wires used; all six specimens involved demonstrated clear
shear failure.

3.6 Effect of dimension and location of inserts

Specimens in Group SX, together with specimens 13



Strengthening of bolted shear joints in industrialized ferrocement construction 687

20 T
N=2
— x=23mm
% 15 + y=imm
3
g 10
(@)
0
0 1 2 3 4 5 6
Diameter of msert wire , & (mm)
20
N=2 &= 50mm
y=3mm
= 3 e
£ 15 ®=4mm e e
= .-'-""Fﬂ_
£ | ——=n
= | _—
Z 10 — =
2 e=35mm
(®)
0
0 20 40 60 20
Lateral dimension ofinserts, x (mm)

Fig. 7 Effect of (a) diameter, d and (b) lateral dimension,

X of U-insert on ultimate strength of the joint

Qa

and 14 were used to investigate the effect of changing the
dimension x of the inserts. The wire diameter was 4 mm and
the distance, x, between the two outstanding legs were 25
mm, 50 mm and 75 mm (half the width of specimen).
Specimens 13 and 14 with y =5 mm may also be used with
those in Group SY where the insert was placed at y = 15
mm to have an idea of the effect of the location of insert on
joint strength. Referring to Fig. 7(b) and Table 3, it may be
observed that the ultimate strength of joint increases with
the increase in the lateral dimension x. An increase in the
distance y also occurred for an increase in ultimate strength,
but for small value of e (See Table 3). However, for e = 50
mm, it is insignificant. Further study, giving a more detailed
coverage, is therefore needed to obtain conclusively the
effect of y on the joint strength.

4. Comparison of test results with theoretical
predictions

The ultimate strength of a bolted shear joint in
ferrocement may be analytically calculated by using the
equations available in the literature. These equations,
summarized here as Egs. (1)-(4) for the four possible failure
modes, may be used with no difficulty for the un-
strengthened series, that is, specimens in Groups UA and
UB.

In these groups, only the wire mesh contributes to the
required tensile strength, f; of the composite. For square
wire mesh, the strength of the composite in direct tension is

the same in any direction, and can be calculated from the
following equation

A%m fym

f,=N o (5)

In which N is the number of layers of wire mesh, s is the
grid size of square mesh, Aq, is the area of wires in the
mesh and f,, is its yield strength. In this case, wire meshes
used had square openings. Therefore, the same value of f;
may be taken in any direction.

In case of specimens strengthened with U-inserts (Series
S), Egs. (1) to (4) cannot be directly applied to calculate the
capacity of a joint. However, the insert intercepted by the
failure surface will contribute to the tensile strength of the
composite. If it is assumed that the insert have yielded at
failure, then referring to Fig. 1, the contribution of insert
may be taken equivalent to two times the yield force of the
insert wire for tension failure of the specimens, because two
legs are intercepted by the failure crack. Thus, for failure in
the tension mode, the tensile strength, f;, of the composite
for specimens strengthened by U-insert is given by

f[ — N &m fym + Z&I fyl (6)
sh wh

In which, Ay is the cross sectional area of wire insert, fy;
is its yield strength.

Similarly, since the failure crack for the cleavage mode
intercept the U-insert only once, the tensile strength of the
composite may be obtained by adding the contribution of
one leg to that provided by the wire mesh. That is, tensile
strength to be used in Eq. (2) may be taken as follows

Asmfym Asifyi
sh (e—d/2)h

fe=N ()

The above argument may not hold for shearing mode of
failure. Since the outstanding legs of U-inserts are
intercepted by the inclined failure line, the tensile strength
of the composite as calculated for tension mode of failure
(Eq. (6)) to include the effect of insert is assumed for shear
failure as well.

For each specimen, the ultimate strengths corresponding
to the four possible modes of failure have been calculated
using Egs. (1)-(4) with some modifications for U-inserts
represented by Egs. (5)-(7). The smallest ultimate strength
was therefore taken as the failure load and the
corresponding mode as the predicted mode of failure.

According to the theory, the mode of failure is governed
by either cleavage or shear when the edge distance is small.
The predicted load increases linearly until tension (or
bearing) mode of failure takes over. Thereafter, the failure
load remains constant with increasing edge distance. It can
be seen in Table 3 that except for a few cases, the predicted
mode of failure is in close agreement with those observed
experimentally. Also, the trends of experimental results
were similar to the predicted results as shown in Fig. 8. It is
interesting to note from Fig. 8, that the difference between
experiment and theory is quite large for specimens in Group
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UB as compared to those in Group UA or SB. The ratio of
experimental to calculated ultimate strength for these
specimens ranges from 1.59 to 1.23 (Table 3).

The main reasons for the highly conservative predictions
of strength for specimens in Group UB may be attributed to
the strain hardening of reinforcement. Since the volume
fraction of reinforcement was low, the specimen
demonstrated considerable deformability as shown in Fig. 6
allowing the steel strain to reach the hardening zone.
Indeed, the ratio of ultimate strength to yield strength of
1.24 (Table 2) for mesh reinforcement supports this
observation.

The results of all 28 tests reported herein are compared
with the respective theoretical predictions in Table 3. It may
be seen that the theoretical predictions are, in general,
conservative. The ratio of experimental to calculated
ultimate strengths ranges from 0.95 to 1.59 with an average
of 1.17 and standard deviation of 0.16. As mentioned
earlier, the specimens containing low volume fraction of
reinforcement demonstrated high values of the ratio of
experimental to calculated joint strength due to strain
hardening of reinforcement associated with large
deformation.

5. Conclusions

Within the scope of investigation, the following are the
conclusions drawn in this study:

(1) With the increase in the edge distance the strength
of the bolted shear joints was found to increase with
the consequent changes in the mode of failure. This
increase was, however, terminated by the upper
bound on the joint strength as dictated by either
tension or bearing failure.

(2) For a given edge distance, an increase in the volume
fraction of reinforcement has been shown to be
associated with an increase in the capacity of the
joint.

(3) It has been possible to enhance the joint capacity by
using simple U-inserts around the bolt hole. The
strength can be enhanced further by increasing the
diameter of insert wire.

(4) The joint capacity was found to increase as the
distance between the outstanding legs of U-inserts
was increased up to half the width of ferrocement
plate. However, the effect of the location of insert
from the edge of the plate remains inconclusive.

(5) The effect of U-insert may be analytically integrated
in the strength calculation which has been found to
give good and safe predictions of strength for the
joints in assembling precast ferrocement structures.
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