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a b s t r a c t

In continuation of an experimental investigation reported earlier by the authors on bolted moment joints
in ferrocement construction, this study regards (1) further testing of ten such joints to broaden the range
of the principal parameters – thickness of the connected ribs and location of bolts and (2) simple analyt-
ical modeling for design. Test results, as presented and discussed in this paper, indicate that the mode of
failure of a joint depends on whether the applied moment is in the opening or closing mode. Under the
closing mode, failure always occurs by shear punching of the bearing plates through the connected ribs.
In contrast, failure in the opening mode occurs by bending failure of either the connected or the longitu-
dinal rib. Based on observed failure modes, expressions have been derived for predicting the strength of
such a joint. A comparison of theoretical predictions with present test results and those reported earlier
shows good agreement.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, ferrocement composites have made remarkable
advances and gained considerable momentum not only in the uti-
lization of advanced materials and special compositions, but also in
various aspects of their manufacture. A number of technical docu-
ments are available in the literature summarizing these advances.
They include a state-of-the-art report and a design guide by the
American Concrete Institute [1,2], a ferrocement model code [3],
a textbook [4], several symposia proceedings [5–11] and special
conference reports [12–15]. Among notable advances, mechanized
fabrication of reinforcement armature, employment of modern
precast technology and use of bolted connections to assemble pre-
cast units can transform ferrocement, once regarded as a low-tech-
nology construction material, into a quality material of choice in
many practical applications. Naaman [4], in a classic book on the
subject, has provided a comprehensive illustration of what can
be achieved with ferrocement.

Among the advanced technologies applied to ferrocement, the
concept of connecting a thin-walled element by bolts opens up a
whole new range of possibilities for exploring innovative applica-
tions embracing high-level industrialized construction techniques.
One such application for the construction of a two-storey housing
system [16,17] using precast channels and half-box panels is shown

in Fig. 1. In this system, the bolted connections transmit a combina-
tion of moment, shear force and axial force between the panels, as
shown for a typical module in Fig. 2. From the viewpoints of basic
structural action, these connections may be classified as either
‘‘shear joints” or ‘‘moment joints”. While investigations reported
in the literature [18–22] on shear joints provide useful design
guidelines, technical information on moment joints still remains
very scarce [23,24], and insufficient to carry out a rational design.

The first investigation on bolted moment connection between
ferrocement elements was reported by Hammoud and Naaman
[23]. In their study, they used two L-shaped panels, connected
back-to-back by bolts through one of the legs, as shown in
Fig. 3a. Although test results have shown that the strength of
such a joint can exceed the body strength of the panel, it does
not truly represent the joint between the half-box panels shown
in Fig. 2. As the introduction of the longitudinal ribs (see Fig. 3b)
could vastly increase the strength and stiffness of the main body
of the panels, a completely different type of response would be
expected.

In an attempt to understand the behavior and strength of a real-
istic joint for the housing system conceived [17], the authors have
conducted an experimental program on moment joints between
two ferrocement half-box panels [25]. The joints were formed by
assembling two almost full-scale size panels along the transverse
ribs using two, symmetrically placed, bolts with square washer
as can be seen in Fig. 3b. The main parameters considered were
the thickness of the connected ribs and the horizontal and vertical
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locations of the bolts (X and Y coordinates as shown later in Fig. 5).
Test results have shown that for bending in the closing mode, fail-
ure occurs consistently by punching of the connected rib at bolt
locations. In contrast, failure in the opening mode is dominated
by bending. Depending on the location of the bolt, failure may take
place either by transverse bending of the connected rib or vertical

bending of the longitudinal rib at a section next to the joint. The
latter mode of failure, which occurred for a bolt location closer to
the longitudinal rib’ is however frequently associated with split-
ting of the connected rib. It was concluded that the overall perfor-
mance of the joint could be improved by shifting the bolts closer to
the longitudinal ribs, increasing the distance between the bolts and

(b) Typical housing cross section (a) Typical wall assembly 

Fig. 1. Proposed housing system: prefabricated thin-wall panels are assembled by using bolted connections.
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the compression zone, and increasing the thickness of the con-
nected ribs. However, no attempt was made to develop analytical
modeling to estimate the strength of such a joint.

The present investigation is undertaken to extend the study car-
ried out earlier [25], explore additional parameters, and suggest a
simple mechanistic model for predicting the strength of such a
joint. It leads to a better understanding of the behavior and mech-
anisms of failure of bolted connections between thin-walled ferro-
cement structural elements and fills a knowledge gap in the current
technical literature on the subject.

2. Experimental program

The half-box panels considered here have the same shape and
dimensions as used in an earlier study [25]. Each panel was
1500 mm-long, 500 mm-wide with 150 mm-deep ribs as shown
in Fig. 4a. The thickness of the rib in the long direction was fixed
at 20 mm while that in the short direction was varied from
20 mm to 30 mm for different panels (see Table 1). The flat face
of the panel was 15-mm thick. All panels were symmetrically rein-
forced across the thickness with a target clear cover of 3 mm on
either face using the same amount and arrangement of reinforce-
ment as shown in Fig. 4b and c, except for the connected (trans-
verse) ribs in panels for joints designated C7–C10 and O7–O10 in
Table 1. In these cases, the reinforcing mesh layers were lumped
together at the outer face of the rib with a clear cover of 3 mm,
as can be seen in Fig. 4d, because such an arrangement provide a
better joint strength compared to the symmetrical arrangement
[25]. A 6 mm diameter deformed wire was used along the outer
end of the ribs to provide additional bending resistance. A small
strip of fine wire mesh was wrapped around this wire to prevent
it from bulging out of the panel. Bolt holes at appropriate locations
were created during casting of the panels. The properties of rein-
forcement used are indicated in Fig. 4.

The joints were formed by assembling two panels back-to-back
along the short (transverse) ribs using two, symmetrically placed
(see Fig. 5), 12 mm-diameter high-strength steel bolts with
50 mm square washers. The washers were prepared from 10 mm-
thick harden steel plates. The joints are designated by a number

with a prefix O or C, indicating that the assembly was tested in
opening (Fig. 5a) or closing mode (Fig. 5b), respectively. In all the
joints, the bolts were located vertically at a maximum distance al-
lowed by the panels from its compression face. This resulted in
Y = 105 mm and Y = 45 mm for bending in the opening and closing
modes, respectively (see Fig. 5c). Horizontally, they were located at
a distance X = 75 mm from the outer face of the longitudinal rib for
joints 6 and 7. The corresponding distance for the remaining joints
was maintained at 50 mm, the closest value permitted by the pan-
els. The values of the main test parameters, X, Y and the thickness of
the connected rib, tc for each joint are presented in Table 1.

The materials and the methods of fabrication and testing used
in the present test program are identical to those employed in
the earlier study [25]. In particular, the mortar matrix consisted
of ordinary Portland cement and natural sand passing through US
Sieve No. 16 (1.18 mm) in the ratio of l:2 by weight. In the mix, 15%
by weight of cement was replaced by fly ash. The water-cement ra-
tio used was 0.5 by weight for a target mortar strength of 50 MPa.
Suitable admixtures with dosage conforming to manufactures’ rec-
ommendations were added to improve workability and accelerate
early development of strength. The joint assembly was simply sup-
ported over a span of 1.5 m with an overhang of 750 mm on either
side and was tested under third-point loading, as shown in Fig. 6.
As a result, the joint was subjected to a pure bending moment. Fur-
ther details are presented elsewhere [25].

3. Test results and discussion

3.1. General behavior and modes of failure

In general, the behavior of joints tested in this program was
very similar to that reported earlier [25]. But, because of locating
the bolts closer to the longitudinal ribs, the two joining faces in
the opening mode bending remained in full contact until failure.
The increased amount of deformation is accommodated in the ver-
tical cracks that develop in the longitudinal ribs right at the inter-
section with the transverse rib, irrespective of the bolt position
used in this study. Failure occurred by gradual widening of this
crack and subsequent development of splitting cracks in the con-
nected rib (Fig. 7b).

In the earlier study, a different response was observed when
the bolts were located far away from the longitudinal ribs. In
those cases, the two joining faces remained in full contact only
during the initial stages of loading. But upon further loading,
these joint started to rotate, apparently hinging at the top (com-
pression side) of the panel and separating the two faces. This
separation appeared to be linear across the depth of the panel
from a side view. However, a closer examination revealed that
the separation did not remain uniform all along the joining faces.
The central area, described approximately by a rectangle having a
length equal to the distance between the outer edges of the
washers and width equal to the distance between the compres-
sion side and extreme edge of the washer did, in fact, remain
in close contact during the loading process. This implied that
the portion of the connected rib between the bolt and the longi-
tudinal rib was subjected to transverse bending which finally led
to the failure. This can be clearly seen in Fig. 7a.

When the moment applied is in the closing mode, the joint
opens up on the tension side approximately in a uniform manner
across the entire width of the panel. Since the central part is held
together by the bolts, increasing amount of rotation with an in-
crease in the applied load results in gradual punching of the rib
around the periphery of bolt washer, leading eventually to a clear
punching shear failure (see Fig. 8). All closing joints, irrespective of
rib thickness and bolt location, failed in this manner.
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Fig. 3. Moment joints involving different types of panels tested in previous studies.
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3.2. Moment–rotation response

The applied moment vs. rotation curves for the joints tested in
the opening and closing modes are presented in Fig. 9a and b,
respectively. In these figures, the results corresponding to tc =
20 mm and X = 75 mm have been extracted from the previous
study [25] to have a complete range of parameters. It may be ob-
served that the shape of the curves is remarkably similar to the
typical moment–curvature relationship exhibited by a reinforced
concrete section. Each curve is characterized by three regimes –
uncracked elastic regime followed by a cracked, but reasonably
elastic response with a reduced slope. Final regime consists of a
horizontal branch, similar to yielding, where the joint keeps rotat-
ing at approximately the same moment. However, the third regime
is very short for the joints tested in closing mode bending. It may
be recalled here that these joints failed by punching of bolt wash-
ers through one of the connected ribs. A sharp drop in the applied
moment immediately after reaching the peak value is most likely
the reflection of the brittle nature of punching shear failure. It
may be interesting to note that for a particular bolt location, all
joints reached the ultimate moment capacity at about the same
rotation, irrespective of the thickness of the connected rib. Similar

to the findings reported in the earlier study [25], it is found that
most of the rotation took place at the joints and that the contribu-
tion of bending deformation of the panels to associated deflection
was negligible.

3.3. Ultimate strength

The ultimate moment capacities attained by the joints may be
noted in the moment–rotation curves of Fig. 9, and the correspond-
ing numerical values are summarized in Table 1. It is observed that
for a particular bolt location, an increase in thickness of the con-
nected ribs increases the ultimate moment capacity of the joint,
as anticipated. Similarly, for a given rib thickness, moving the bolts
closer to the longitudinal rib dramatically improves the strength of
the joint, but only for those tested in the opening mode bending. In
the closing mode, the trend is however different. It may be recalled
that these joints failed in punching shear. Moving the bolts closer
to the longitudinal ribs may lead to a reduction in the punching
shear perimeter and, consequently, a reduction in joint strength.
This is what happened in the present case; joints with X = 50 mm
(Fig. 5) exhibited a smaller capacity than those with X = 75 mm.
The above observations regarding the effect of horizontal position
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Fig. 5. Bending modes and test parameters.

Table 1
Test program and ultimate strength of joints.

Mode of
testing

Joint Thickness of
connected ribs,
tc (mm)

Horizontal location
of bolts, Xa (mm)

Vertical location
of bolts, Ya (mm)

Cylinder compressive
strength of mortar, f 0c (MPa)

Ultimate strength of
joint, Mu,test (kNm)

Ratio of joint strength
to body strength (%)

Opening mode O6 25 75 105 61.2 1.25 21.4
O7 30 61.2 2.25 38.5
O8 20 50 61.1 1.80 30.9
O9 25 59.7 2.63 45.1
O10 30 54.1 4.09 70.1

Closing mode C6 25 75 45 61.2 2.55 36.4
C7 30 61.2 4.02 57.4
C8 20 50 61.1 1.64 23.4
C9 25 59.7 3.30 47.2
C10 30 54.1 3.45 49.2

a See Fig. 5.

Fig. 6. Test setup.
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of the bolt, that is X, are in contrast with what was reported in the
earlier study [25]. For the range of X used in that study, it was
concluded that the strength of the joint remained practically
unaffected if the bolts were shifted closer to the longitudinal ribs
by keeping the same vertical position. However, the observations
made in this study reveal that this conclusion is not valid for the
whole range of this parameter. There appears to be an optimum
bolt location to achieve the best performance in terms of both
strength and stiffness of the joint, and this location is likely to cor-
respond to the distance that does not lead to a reduction in punch-
ing shear perimeter.

4. Analysis for ultimate strength

From the tests conducted in the present program and those re-
ported earlier, it is clear that for a suitably detailed moment joint,
the mode of failure depends on the direction of moment applied to
the joint. Accordingly, the joints are classified as either ‘‘opening
joints” (OJ) or ‘‘closing joints” (CJ). For opening joints, failure may
occur in two different modes depending on the horizontal location
of the bolt. In the case of closing joints, however, failure always oc-
curs by punching of the washer through the connected ribs, irre-
spective of bolt location. Based on these observed failure modes,
equations are developed in the following section for predicting
the strength of a joint.

4.1. Opening joint

For an opening joint, two modes of failure have been identified:
Mode 1 is due to transverse bending of the connecting (or trans-
verse) rib, and Mode 2 is due to bending of the longitudinal rib,

(a)  Bolt location, X=125, Y=75mm (b)  Bolt location, X=50, Y=105mm 

Fig. 7. Typical failure of joints in opening mode.

(a)  Bolt location, X=125, Y=75mm (b)  Bolt location, X=50, Y=45mm 

Fig. 8. Typical failure of joints in closing mode.
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as shown in Fig. 7a and b, respectively. These are also schemati-
cally illustrated in Fig. 10.

4.1.1. Analysis for Mode 1
Mode 1 failure (due to the transverse bending of the connect-

ing rib) occurs when the bolt is located far away from the longi-
tudinal rib. In such a case, the central portion of the connected (or
connecting, or transverse) ribs between the two bolts remains
locked, as was observed during the experiment. The forces devel-
oped in the longitudinal ribs due to the global flexural action,
shown by dotted arrows, therefore tend to induce local bending
of the free ends of the connected rib on either side. Failure occurs
when the transverse bending capacity or the flexural shear capac-
ity of the connected (transverse) rib is reached. Accordingly, this
mode of failure is sub-classified as Mode 1M and Mode 1V,
respectively.

For the purpose of analysis, it is assumed that the failure line is
skewed and it traverses from the corner of the panel to the free
edge of the connected rib via the edge of the washer at mid-depth,
as shown in Fig. 10a. This line represents the critical section for
Mode 1M failure. For Mode 1V failure, the critical section is assumed
to be at distance tcr from the edge of the washer at mid-depth, as
shown in Fig. 10c. The tensile stress resultant, F, in each longitudi-
nal rib that arises from global action generates local bending in the
connected rib. It is located at a distance, d from the extreme com-
pression face, as shown. Therefore, referring to the free-body dia-
gram of Fig. 10b and considering the moment equilibrium of the

panel as a whole, we may express F in terms of the applied mo-
ment, Ma as:

F ¼ Ma

2k1h
¼ Ma

2 d� x
2

� � ð1Þ

where k1h is the lever arm between tensile and compressive stress
resultants, h is the overall depth of panel, and x is the depth of com-
pression stress block.

The transverse bending moment, Mt, generated by this force
along the skewed failure (yield) line is given by

Mt ¼ Fe ð2Þ
where e is the perpendicular distance of F from the failure line and
is given by

e ¼ d sin a ð3Þ
where a is the angle of the failure line with respect to the longitu-
dinal rib.

Substituting the value of e from Eq. (3) into Eq. (2) and equating
the resulting F with that in Eq. (1), we obtain

Ma ¼ 2Mt

d� x
2

� �
d sin a

ð4Þ

The bending moment capacity of the joint is obtained when Mt

reaches the transverse bending capacity of the connected rib along
the failure line. Denoting this by Mu, the resulting joint capacity,
MOJ,1M in Mode 1M failure is obtained as:
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Fig. 10. Modeling of failure for an opening joint: (a) Three-dimensional view of the joint showing the forces developed, (b) Transverse view of the joint, and (c) Critical
sections for bending and shear failure.

538 M.A. Mansur et al. / Cement & Concrete Composites 32 (2010) 532–543



Author's personal copy

MOJ;1M ¼ 2Mu

d� x
2

� �
d sin a

ð5Þ

While calculating Mu, the presence of any bar reinforcement
and its direction should be taken into account.

For Mode 1V failure, the critical section is taken at a distance tc/2
from the critical section for Mode 1M failure, as shown in Fig. 10c. If
the equivalent ultimate shear stress is denoted as vu, then the shear
resistance, Vu, of the critical section is given by:

Vu ¼ vu‘cstc ð6Þ

where ‘cs is the length (or perimeter) of critical section for shear
failure. It is noted that instead of the effective depth, the total depth
(thickness) of the connected (or transverse) rib is used in Eq. (6),
which is acceptable for ferrocement (Mansur and Ong [26]).

Setting, Vu = F, the moment capacity of the joint in Mode 1V fail-
ure is obtained from Eqs. (1) and (6) as:

MOJ;1V ¼ 2vu‘cstc d� x
2

� �
ð7Þ

In order to calculate MOJ,1V, it is necessary to specify vu. As rec-
ommended by Naaman [4], the value of vu ¼ 1

3

ffiffiffiffi
f 0c

p
as specified in

the ACI code [27] for conventional reinforced concrete is assumed
in the present analysis for ferrocement. Thus, the final expression
for MOJ,1V takes the following form:

MOJ;1V ¼
2
3
‘cstc d� x

2

� � ffiffiffiffi
f 0c

q
ð8Þ

4.1.2. Analysis for Mode 2
When the bolt is shifted closer to the longitudinal rib, the

eccentricity, e, of the force F is reduced. As a result, failure occurs
due to vertical bending of the longitudinal rib that arises from
the global loading. However, as the joint between the longitudinal
and the transverse ribs represents a location of potential weakness,
failure always occurs at this section, and it is frequently associated
with vertical splitting of the connected rib, as schematically shown
in Fig. 10a.

If it is assumed that the connected rib remains intact and the
failure is solely due to the bending of the longitudinal rib, then
the capacity of the joint is identical to the bending resistance of
the panel, Mu,panel. This means that sufficient embedment length
for the reinforcement in the longitudinal ribs is available beyond
the interface of the longitudinal and transverse ribs. However,
the practical range of connected rib thickness employed in this
study was insufficient to provide the full development length even
for the fine wire mesh. Also, negotiating the reinforcement from
the longitudinal ribs into the connected rib creates a highly com-
plex stress situation in the corner region, similar to that which ex-
ists in a knee joint of a reinforced concrete frame. To mitigate the
difficulty in mathematically formulating joint strength failure in
this mode, a simple approach is used here by introducing a joint
efficiency factor, g.

Looking at the results of joints O8–O10 in Table 1, where every-
thing else was kept constant except for the thickness of the
connected rib, tc, it may be seen that the strength of the joint
increases with an increase in tc. This might be due to greater
anchorage length furnished by thicker ribs. If the ratios of the
experimental moment capacity, Mu,test to the moment capacity of
the panel, Mu,panel are plotted against the connected rib thickness,
a definite trend is observed (see Fig. 11). Using these test data,
the joint efficiency factor, g, may be expressed in terms of the
thickness of the connected rib, tc as:

g ¼ 0:033tc � 0:38 6 1:0 ð9Þ

where tc is in mm. Thus, the predicted joint capacity, MOJ,2, for Mode
2 failure of an opening joint may be taken as:

MOJ;2 ¼ ð0:033tc � 0:38ÞMu;panel 6 Mu;panel ð10Þ

4.2. Closing joint

As mentioned earlier, joints tested in the closing mode failed by
punching of the washer irrespective of the location of the bolts. In
order to calculate the forces involved in causing the punching
shear failure, the free-body diagram of the connected rib is plotted
in Fig. 12a. The applied stress resultants in the longitudinal direc-
tion (shown in dotted arrows) due to the global action produce the
reactions as shown by the solid arrows. Referring to the side eleva-
tion shown in Fig. 12b, and considering equilibrium of forces in the
longitudinal direction, it is noted that the washers are subjected to
an axial load, T, as shown, the value of which is:

T ¼ Ma

k1h
ð11Þ

where Ma is the applied moment at the joint and (k1h) is the lever
arm between the compressive stress resultant, C and tensile stress
resultant, T due to global action.

Due to the differences in the lever arm between C and T for the
two faces, the washer is subjected to a moment as well. Consider-
ing moment equilibrium about the center-line of the bolt, this mo-
ment, denoted as Mw, may be approximately represented by:

Mw ¼ Tðk1h� hþ YÞ ð12Þ

Thus, the washer is subjected to a combined moment and axial
load, which becomes analogous to the case of punching shear
around a column in flat plate structures due to an unbalanced mo-
ment. The maximum shear stress, vmax around the critical perime-
ter may therefore be obtained as:

vmax ¼
V

uotc
þMwc

Jc
ð13Þ

where V = T, uo is the length of critical perimeter for punching shear
failure, measured at a distance tc/2 from the face of the washer, c is
the distance of the critical perimeter from the center of the washer
and Jc is the polar moment of inertia for the critical section.

The capacity, MCJ, of a closing joint is attained when vmax

reaches the ultimate shear stress, vu. According to the ACI guide
[2], and as recommended by Naaman [1], the strength under
punching shear may be taken as twice that for flexural shear. Using
this value of vu for vmax in Eq. (13), substituting the values of T (=V)
and Mw from Eqs. (11) and (12), respectively, and replacing Ma by
the joint capacity, MCJ, we obtain:

MCJ ¼
2 1

3

ffiffiffiffi
f 0c

q� �

1
k1huotc

þ ðk1h� hþ YÞc
k1hJc

6 Mu;panel ð14Þ
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Fig. 11. Effect of connected rib thickness on joint efficiency.
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It is clear that strength of the joint should be less than or at
most equal to the panel strength, Mu,panel.

As the area of concrete available to develop the compressive
stress resultant, C, due to global action is provided only by the
longitudinal rib, the value of k1 to be used in Eq. (14) should
be smaller than that assumed for rapid assessment of the
moment capacity of a reinforced concrete rectangular section.
Unless assessed accurately, a value of 0.8 for k1 is suggested as
an approximation.

The above analysis applies when the failure surface in punching
does not intercept either the longitudinal rib or the flat face of the
panel. For example, when the bolt location is shifted vertically
close to the face of panel, the critical section for punching shear
failure will intercept the face, as shown in Fig. 13. The reinforce-
ment in the flat face of the panel will then be subjected to direct
tension, thus resulting in a reduction in the shear to be carried
by the concrete. In such a case, assuming that the reinforcement
has yielded, V in Eq. (13) is given by:

V ¼ T � Tf ð15Þ

where Tf is the tensile force generated by the reinforcement in the
flat face of the panel through the failure surface.

Similarly, the moment acting on the washer is:

Mw ¼ Tðk1h� hþ YÞ � Tf
w
2
þ tf

2
þ s

� �
ð16Þ

where w = width of washer, tf = thickness of flange (flat face); s =
clearance between the flat face and the nearest edge of washer.

Eq. (14) then takes the following form:

MCJ ¼
2 1

3

ffiffiffiffi
f 0c

q� �
þ Tf

uotc
þ Tf ðw=2þ tf =2þ sÞc

Jc

1
k1huotc

þ ðk1h� hþ YÞc
k1hJc

6 Mu;panel ð17Þ

A closer examination of the details presented in Table 1 reveals
that the bolt locations for joints designated C5–C10 were suffi-
ciently close to the flat face for Eq. (17) to be applicable.

Similarly, interference of the failure surface by the longitudinal
ribs as well would generate a more complex stress situation. How-
ever, for the joint details employed in this study, the bolts were lo-
cated sufficiently away from the longitudinal rib to bypass its
interference.

4.3. Comparison with test data

The ultimate strengths of all the joints tested in this program
are calculated using the analytical expressions presented above.
For each joint in the opening mode, all the three failure modes, that
is, Mode1M, Mode 1V and Mode 2, were considered irrespective of
what was observed in the experiment. The smallest of the three
values is taken as the predicted ultimate strength and the corre-
sponding mode as the predicted mode of failure. All joints in the
closing mode are assumed to have failed in punching shear.

The results of these analyses are presented and compared with
the corresponding test values in Tables 2 and 3 for opening and
closing modes, respectively. It may be seen that the analyses pre-
sented herein correctly predicts the mode of failure, except for
the Mode 1V failure. The ultimate strength and the effects of vari-
ous test parameters are also predicted with a reasonable degree
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Fig. 12. Modeling of closing joint failure: (a) Three-dimensional view of joint showing the forces developed, (b) Transverse view of the joint, and (c) Critical section for
punching shear failure.
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of accuracy. For the ten joints tested in opening mode, the ratio of
experimental to predicted joint strengths Mu,test/Mu,calc. ranges from
0.98 to 1.41, with an average of 1.09 and standard deviation of
0.16. In the closing mode, the ratio of Mu,test/Mu,calc ranges from
0.92 to 1.41, the average and standard deviation being 1.22 and
0.17, respectively.

4.4. Parametric investigation

Based on the equations developed, computer analyses have
been carried out to study the influence of various parameters on

ultimate strength and modes of failure of the joints. In the analysis,
it was assumed that the overall panel dimensions remain the same
as those used in this study and that mortar strength, f 0c , is fixed at
50 MPa. It is further assumed that the section contains fine wire
mesh with a grid size of 12.5 � 12.5 mm and wire diameter of
1.42 mm, and one rebar near the open end of each longitudinal
ribs. The joints were analyzed by varying the layers of wire mesh
(two and three), the horizontal location of bolt, X (from 60 to
200 mm), vertical location of bolt, Y (from 75 to 105 mm for open-
ing joint and from 45 to 75 mm for closing joint), thickness of con-
nected rib, tc (from 20 to 50 mm). Using these wide ranges of
geometric and reinforcement parameters, predicted ultimate mo-
ments and failure modes were generated for both opening and
closing joints. For brevity, only the important observations made
from these analyses are summarized without any elaboration.

For an opening joint with fixed bolt location, strength predicted
for each mode of failure increases as the thickness of the connected
rib is increased. As the bolt is moved away from the longitudinal
rib, keeping the vertical position fixed, strength predicted for Mode
1M failure first decreases reaching a minimum value. Further in-
crease in X/b, where b is the width of the panel, leads to an increase
in the moment capacity of the joint. In contrast, the moment
capacity for Mode 1V increases as the X/b is increased. For Mode
2, however, it remains at a fixed value irrespective of the horizontal
location of bolt. Thus Mode 1M is the predominant mode of failure,
giving the smallest value for nearly the whole range of bolt
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Fig. 13. Modifications when the failure surface encroaches on the flat face.

Table 3
Test results and comparison with theoretical predictions for closing joint.

Source Joint Ultimate strength of joint (kNm) Mu;test
Mu;calc

Test Mu,test Predicted Mu,calc

Mansur et al.[25] C1 1.57 1.10 1.41
C2 1.82 1.54 1.18
C3 2.24 2.22 1.01
C4 1.55 1.14 1.36
C5 1.93 1.69 1.14

Present study C6 2.55 2.11 1.21
C7 4.02 2.88 1.40
C8 1.64 1.77 0.92
C9 3.30 2.42 1.37
C10 3.45 2.74 1.26
Average 1.22
S.D. 0.167

Table 2
Test results and comparison with theoretical predictions for opening joint.

Source Joint Panel capacity,
Mu,panel (kNm)

Test Calculated moment capacity Predicted Mu;test
Mu;calc

Ultimate strength of
joint, Mu, test (kNm)

Mode of
failure

Mode 1 M,
MOJ,1M (kNm)

Mode 1 V,
MOJ,1V (kNm)

Mode 2,
MO2

(kNm)

Ultimate strength
of joint Mu,calc.

Mode of
failure

Mansur et al.[25] O1 5.83 0.72 1 M 0.51 2.41 1.52 0.51 1 M 1.41
O2 5.78 0.72 0.68 2.75 2.57 0.68 1.06
O3 5.83 1.15 0.87 3.59 3.67 0.87 1.31
O4 5.82 0.69 0.63 1.63 1.52 0.63 1.09
O5 5.80 0.87 1 V 0.83 1.50 1.49 0.83 1.04

Present study O6 5.86 1.25 1.39 2.15 2.61 1.39 0.90
O7 5.86 2.25 2.06 2.70 3.86 2.06 1.09
O8 5.86 1.80 2 N.A. 1.83 1.83 2 0.98
O9 5.86 2.63 2.61 2.61 1.01
O10 5.82 4.09 4.09 4.09 1.00

Average 1.09
S.D. 0.157
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position. However, either Mode 1V or Mode 2 governs the failure
only when the bolt is located very close to the longitudinal rib,
and such a position gives the maximum strength of the joint.

For a particular of X/b, a change in the vertical position of the
bolt has practically no influence on the predicted strength for
Modes 1V and Mode 2. However, an increase in the distance be-
tween the bolt location and the compression side of the panel, that
is, an increase in the value of Y/h leads to an increase in the mo-
ment capacity for Mode 1M failure, and this mode usually governs
the failure.

Other than the bolt location, the thickness of the connected (or
transverse) rib plays an important role in enhancing the joint
capacity. For a particular bolt location, an increase in the thickness
of the connected ribs dramatically improves the joint capacity. Fur-
ther enhancement in joint strength may be accomplished by
increasing the amount of reinforcement in the connected ribs
and lumping it near its outer face.

Thus, the strength or efficiency of an opening joint may be im-
proved by increasing the thickness of the connected rib while pro-
portionately increasing its reinforcement, and locating the bolt
closer to the longitudinal rib utilizing the maximum distance avail-
able from the compression side of the panel.

In closing mode bending, failure always occurs by punching of
the washer through one of the connected ribs. For this type of fail-
ure, the effects of the amount of reinforcement in the rib and hor-
izontal location of the bolt are found to be insignificant. Thus, the
thickness of the connected ribs and the vertical position of the
bolts are the two major parameters affecting the strength of the
joint. It has been found that for smaller values of Y/h, an increase
in rib thickness may result in joint strength surpassing the bending
capacity of the panel itself, thus resulting in the most efficient
joint.

5. Summary and concluding remarks

The results of an experimental investigation conducted on 10
moment resisting joints in full-scale ferrocement half-box panels
are reported. The connectors consisted of only two, symmetrically
placed, steel bolts. The main parameters considered were the
thickness of the ribs and the horizontal and vertical locations of
the bolts. Test results indicate that an increase in the thickness of
the connected lateral ribs and/or the distance between the bolts
and the compression face of the ribs increases the ultimate resis-
tance of the joint. Under the closing mode bending, failure oc-
curred by punching shear of the bearing plates through the
connected ribs, while under opening mode failure occurred in
bending in either the connected rib or the longitudinal rib of the
panel.

Based on the observed modes of failure analytical expressions
were developed to predict the ultimate strength of a joint under
either opening or closing mode bending. Analytical predictions
were found to be in reasonably good agreement with the experi-
mental test results generated in this study; they are recommended
to be used as simple tools for design.

Using these expressions, a parametric study was carried out to
further identify the main parameters affecting the joint capacity. It
helped ascertain that the thickness of the connecting rib (that is,
the transverse rib connecting the two longitudinal ribs of the pa-
nel) and the location of the bolts are the key parameters, assuming
bolt strength is sufficient. Thus, for an efficient joint, the bolts need
to be placed closer to the longitudinal ribs with a maximum shear
section distance touching the compression side of the panel. The
joint capacity is further enhanced by increasing the amount of lon-
gitudinal reinforcement in the connected rib and placing them on
the outer face of the panel.

It is hoped that this study will not only advance the state of
knowledge about ferrocement construction but also helps in the
development of similar information on textile reinforced concrete
such as for instance described in Ref. [28].
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