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Abstract: Structural design parameters of reinforced concrete strip footings designed in accordance with
BS81101 is carried out using First Order Reliability Method (FORM). The variables relating to geometry,
material and loading are considered random. The estimated safety indices are fairly consistent. It was however
shown among that the minimum reinforcement ratio of 0.2% recommended by the code of practice for this type
of footing is only safe at higher effective depths, at lower effective depths, reinforcement ratios between 0.3%
and 0.4% are safer.
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INTRODUCTION

Well-detailed and properly erected structures
designed by the limit state method will have acceptable
probabilities that they will not become unfit for their
intended purpose [1]. Thus, a design engineer should strive
to achieve good design and be creative while at the same
time appreciating the dangers inherent in revolutionary
concepts. Ample experience in the past and in recent
times has shown that uncommon designs or familiar
constructional methods do increase the risk of failures[2].

The foundation of a structure is that part of the
structure in direct contact with the ground and which
transmits the load of the structure to the ground3. A
foundation must distribute and transmit the loading from
the superstructure to the soil sub-strata, so that large or
differential settlements having and adverse effect on the
superstructure do not occur. The choice of the most
suitable type of foundation for a structure depends on the
depth at which the bearing strata lie, the size of footing
which is consistent with the loading on the soil, the
bearing capacity and uniformity of the soil and the type of
superstructure involved[4].

Strip footings are commonly used for the
foundations of load bearing walls. They are also used
when pad foundations for a number of columns in line are
so closely spaced that the distance between the pads is
approximately equal to the length of the sides of the pads.
They are also used on weak soil ground to increase the
foundation bearing area, and thus reduce the bearing
pressure, and the weaker the ground then the wider the
strip.

The soil supporting the structure must have adequate
load-carrying capacity (bearing capacity) and not settle
unduly. The long-term effect of the soil’s bearing capacity
and settlement must be considered. If the ground is not
strong enough to bear the proposed initial design load

then the structural contact (bearing pressure) can be
reduced by spreading the load over a greater area, - by
increasing the foundation size or other means, – or by
transferring the load to a lower strata. Alternatively, the
ground can be strengthened by compaction, stabilization,
pre-consolidation or other means5.
The design of any foundation should meet the following
fundamental requirements:
 The load transferred to the foundation from the

superstructure should not result in excessive
stressing of the soil so as not to cause shear failure
of the soil. This is known as the Bearing Capacity
Criterion.

 Compressibility of the soil should not result in
excessive differential settlement between the
different segments of the structure. This is known as
the Settlement Criterion.

Engineering design decisions are surrounded by
uncertainties that result from the random nature of loading
and structural resistance as well as the load and resistance
prediction models. The effect of such uncertainties is
included in design through the use of safety factors that
are based on engineering judgment and previous
experience with similar structure. Due to the fact that
safety involves a consideration of random variables and
the realization of the limitations in design by the
deterministic method, it is now generally accepted that the
rational approach to the analysis of safety is through the
use of probabilistic models6.Under-estimation of these
uncertainties sometimes leads to adverse results such
as collapse. For instance, the collapse of more than
250 platforms during the 100-year hurricane[7] was
attributed to large biases incorporated into nominal pile
load capacities. These biases have sources on how the
soils are tested, characterized, and analyzed; in the pile
loadings; and in the predictive methods used to determine
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the pile loading capacities. The authors showed by
reliability concepts that the true pile capacities to resist
extreme wave and earthquake loadings can be two times
the nominal static capacities. In addition they concluded
that, there could be very large factors that make the
capacity of the foundation systems substantially greater
than that of the most heavily loaded pile.Hence it is
necessary to devote particular attention to the evaluation
of the level of safety implied in the design criteria. Since
uncertainties also exist in design1 the question of safety
and performance often arises. The study of structural
safety is concerned with the violation of ultimate or
serviceability limit states for a structure [8]. The BS8110
has been found to be very conservative[9].

This paper investigates the safety levels associated
with the design criteria of strip footings founded on any
soil of known bearing capacity. For analysis purposes,
structural safety of a strip footing was examined by
independently considering both bottom (at mid-span) and
top (at column face) reinforcements under various loading
and reinforcement ratios.

First order reliability procedure: Probabilistic design is
concerned with the probability that a structure will realize
the functions assigned to it. In this work, the reliability
method employed is briefly reviewed.

If R is the strength capacity and S the loading
effect(s) of a structural system which are random
variables, the main objective of reliability analysis of any
system or component is to ensure that R is never exceeded
by S. In practice, R and S are usually functions of
different basic variables. In order to investigate the effect
of the variables on the performance of a structural system,
a limit state equation in terms of the basic design variable
is required. This limit state equation is referred to as the
performance or state function and expressed as:

g(xi) = g(x1, x2,...., xn) = R – S, (1)

where, Xi, for i = 1,2,..., n, represent the basic design
variables.

The limit state of the system can then be expressed
as:

g(xi) = 0. (2)

Graphically, the line g(xi) = 0 represents the failure
surface while g(xi) > 0 represents the safe region and g(xi)
< 0 corresponds to the failure region. This is shown in
Fig. 1. Introducing the set of uncorrelated reduced
variates,

(3)

and in terms of these reduced variates the limit state
equation becomes:

Fig. 1 The most likely failure point10

g(sxiX'1 + μxi, sx2 X'2 + μx2,..., sxnX'n + μxn) = 0 (4)

where, μand s are the means and standard deviations of
the design variables. The distance D, from a point X'i =
(X'1, X'2, ..., X'n) on the failure surface g(x' i) = 0 to the
origin of Xi space is also given as:

(5)

In matrix form:

(6)

The point on the failure surface (X'1
*, X'2

*, ......, X'n
*),

having the minimum distance to the origin may be
determined by minimizing the function D and subjecting
equation (6) to the constraint g(X i) = 0. For this purpose,
the method of Langrange's multiplier may be used. Let

L = D+ λg (Xi) (7)

where, D is the minimum distance to the origin of the
circle in Fig. 1, l is the value of the Langrange’s multiplier
and g(Xi) is the limit state function.
Substituting equation (6) in (7) gives:

(8)1/2t
i iiL = ( + g( ))X X X 
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where, l is the value of the multiplier. In scalar notation,

(9)

in which Xi=sxiX'i+μxi where μxi and sxi are the means and
standard deviations of the design variables. Minimizing L,
we obtain (n+1) equations with (n+1) unknown as:

(10)

and

(11)

The solution to equations (10) and (11) would yield the
most probable failure point (X'1

*, X'2
*, ..., X'n

*).
Introducing the gradient vector,

(12)

in which

(13)

Therefore, in vector form we have

(14)

From which

(15)

From equation (6)

(16)

and

(17)

Where, Gt is the transpose of the gradient vector G.
Substituting equation (17) into equation (15) gives

(18)

Multiplying both sides of equation (18) by Gt, the
transpose of the gradient vector matrix, we have

(19)

which implies

(20)

The minimum distance from the origin describing the
variable space to the line representing the failure surface
equals b and therefore equation (20) becomes:

(21)

where, G* is the gradient vector at the most probable
failure point (X'1

*, X'2
*, ..., X'n

*). It is the value of b which
tells us of the safety of any given design under
uncertainties in the decision variables.

Limit state function: The calculation of the limit state
function is performed for discrete combination of basic
variables into the following equation

(22)

Where,
fy is the characteristic strength of the reinforcing

tension steel;
r is the reinforcement ratio of the designed section;
L is the effective span;
d is the effective depth of the section;
fcu is the characteristic strength of concrete;
a (Alpha) is the ratio of dead-to-live loads; and
FN is a moment coefficient. In the case at hand,

values of FN for both top and bottom reinforcements were
selected from BS8110[1].

Design is said to be satisfactory if both top and bottom
reinforcement conditions set-out in the code of practice is
satisfied by estimating

Pf = P(G(X) £ 0), (23)

for varying values of the relevant design variables in the
limit state equation.

The procedure of the FORM in the previous section,
which was coded in a FORTRAN module[11], was
employed for the computation of the reliability
indices. The results in the case of a strip footing
carrying axial loads only is considered in the following
section.
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Fig. 2: Safety Index Versus Reinforcement Ratio.

Fig. 3: Safety Index Versus Reinforcement Ratio.

Fig. 4: Safety Index Versus Reinforcement Ratio.

Example of a strip footing: A strip footing founded on
a soil of bearing capacity of 190kN/m2 and transmitting
characteristic dead and imposed column loads of
respectively 1000kN and 350kN was designed in
accordance with the provision outlined in BS81110[1]

requirements.
Reliability analysis of the footing was achieved by

estimating the reliability levels at varying values of
reinforcement ratios, alpha, and effective depths of the
designed section. Safety indices were obtained from the
program, and plots of the safety indices versus the varied
variables of the strip footing were as shown in the
appendix. Figs A1 to A4 were obtained considering

Fig. 5: Safety Index Versus Reinforcement Ratio.

Fig. 6: Safety Index Versus Reinforcement Ratio.

Fig. 7: Safety Index Versus Reinforcement Ratio.

bottom (mid-span) reinforcements, while Figs A5 to A8
are for top (at column face) reinforcements. From the
plots it can be observed that:

As the reinforcement ratios increase, the safety of
the designed sections also increase.

As alpha (the ratio of dead to live loads) increases,
the safety index of the section decreases.

Generally, as the effective depth of a section
increases, the safety index increases.

It could also be seen that with lower effective depths
of 500mm and 600mm, the negative safety indices imply
that, the corresponding reinforcement ratios are not
practicable12.

At lower effective depths, reinforcement ratios of
0.3% and 0.4% are safer. On the other hand,
reinforcement ratio of 0.2%is safe at higher effective
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Fig. 8: Safety Index Versus Reinforcement Ratio.

Fig. 9: Safety Index Versus Reinforcement Ratio.

depths. It follows therefore that the minimum
reinforcement ratio of 0.2% for high yield reinforcement
(BS4449) set in BS8110 (1997) will only be valid at
higher effective depths.

The safety indices considering bottom
reinforcements are higher than those for top
reinforcements. This implies that the current value of FN
in equation (22) for the bottom reinforcement given by the
code of practice seems low and needs to be investigated
to obtain a better value.

Conclusion: Reliability analysis of structural design
parameters of strip footings considering top and bottom
reinforcements was carried out using the FORM. The
results of investigation showed that the BS8110
requirements for reinforcements under varying
reinforcement ratios, effective depths and the ratio of dead
to live loads are fairly satisfactory. However, it was
shown that the value of the minimum reinforcement ratio

of 0.2% given by the code for this footing is only safe at
higher effective depths; at lower effective depths,
reinforcement ratios between 0.3% and 0.4% are more
appropriate. Also, the safety indices considering bottom
reinforcements are higher than those for top
reinforcements, this is because of the moment coefficient
given by the code that needs to be investigated. The
author is currently undertaking this investigation.
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