Introduction:

Repairs to an existing building, whether substructure or superstructure, can be very expensive.  In fact, unnecessary repairs may do more harm than good in some circumstances, especially when underpinning is concerned.  Hence research, whether in-situ or laboratory, is critical so that the correct remedial method(s) is adopted.  This is followed by close monitoring of the site. Monitoring over a period of one or two years will confirm whether movement is continuing and whether further action needs to be taken. 

Areas where remedial actions can be taken (refer to diagrams on next page) 

A. Soil

B. Modify the stresses under the foundations

C. Modify the building's behaviour

D. Improve the general outlook of the building

A. Remedial measures to the soil

Achieve by improving the soil conditions through the following ways:

· Improving the soil characteristics

· Regulation of site water conditions

· Increasing the soil deformability

· Protection and auxiliary works

· Improving the soil characteristics

This course of action is best considered as remedial work or modifications to features in the vicinity of the property but which do not form an integral part of the building structure.

The aim is to reduce the porosity of the soil. The stiffness and shear strength of soil is subsequently increased.  There are two ways: 

1. Through mechanical procedures such as compaction without the addition of further material (surface or deep dynamic compaction).  

2. Addition of specific materials such as cement into the soil.  The technique of introducing various types of mortars depends on the soil characteristics and particularly on its permeability so that maximimun possible diffusion will occur.  Generally these treatments are expensive and used where special problems exist. For example backfilling, slope stabilisation or excavation for foundations.

Example:

Mixture of water, cement and bentonite gives us a stable mortar.  Due to bentonite's special thixotropic behaviour, it avoids any chance of sedimentation that could make mortar a real liquid.  These kinds of mortars are employed mainly in alluvial deposits of gravel and sand.
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· Regulation of site water conditions

Water plays an essential role in the soil behaviour.  Remedial measures are generally directed at changing the variations of the boundary conditions of pore pressure in the soil.  However this remedial action must be carefully analysed and controlled because it can have very dangerous side effects, such as the hydraulic variations inducing settlement in other buildings in the neighbourhood.

Measures to change or control the deep ground water 

It requires a long time and is often very difficult to carry out.  There are two ways on changing the water condition:

a) Lowering the water table.  

This measure increases the soil shear strength, hence ensure stability of slope during excavation, reduce pressures on the retaining walls and improve bearing capacity of foundations etc.  

The water can be reduced by gravity or by pumping.  The amount of water obtain depends on the porosity of the soil.

b) Stabilising or raising the water table.

This measure is used when the reduction of the shear strength of the soil does not affect stability.

Stabilisation of ground water can be achieved by the construction of an impervious "curtain" all around the zone so as to form a "waterproof chamber", isolated from the surroundings and then pumping water in.

Problems faced: long time duration of settlement, difficulty of ensuring water-tightness during construction, new problems caused by this hydraulic wall construction in the surrounding buildings.

· Increasing the soil deformability

This measure is done through under-excavation.  Although seldom used, it may be used to produce controlled settlements in small areas.  It is employed in our case study of Leaning Tower of Pisa.

· Protection and auxiliary works

These works do not involve the building directly but are aimed at acting on the surrounding area so as to limit any unfavourable effects on the building itself.

Examples:

a) Protective works such as precast reinforced concrete plates

b) Works to prevent soil erosion such as sheet pile walls anchored to stable areas of ground

c) Works to contain sideways soil flowback such as continuous piling to foundation perimeter

B. Remedial measures to modify the stresses under the foundations

Achieved by modifying the pressures to the soil under the foundations through the following ways:

· Modification of the loads

· Enlargement of the actual foundation

· Transfer of the load to deeper strata

· Modification of the loads

These can be achieved through reduction or increase of the global loads.  Loads acting on the soil can be reduced through lightening of the construction by demolition, removal of heavy walls and their substitution with lighter structures, or the removal of soil internally and externally along sections of the perimeter walls and its replacement with box structures or lighter materials.(fig. 5.28 I I a)

Where differential settlements and particularly tilting phenomena have occurred, it is possible to stabilise or even reverse these changes by altering the load distribution so as to increase pressures in some zones and reduce them in others. The measures on the 'upstream zone' can be achieved by applying new loads or deep anchorages into the soil (Fig. 5.28 Ilb).
The Tower of Pisa represents an example of this approach. (Case Study I)

In some cases what is really necessary is not to substantially change the global load, but to increase and reduce the loads and then the pressures in different areas of the soil in order to reduce the differential settlements. A current technique is the use of a hydraulic jack acting against piles or new foundations providing an upward reaction (Fig. 5.28 I Ic).
· Enlargement of the actual foundation

Reduction of the pressure can be achieved by widening the foundation base in order to obtain the redistribution of loads over larger surfaces.

In order to obtain maximum benefit from this type of procedure, it is important to check the stratagraphy of soil and in particular, for the presence of large compressible strata under the building. In fact this solution is not very effective where settlement is caused by the high compressibility of deep stratum.  Wider foundations, created by connecting a new raft to an ancient plinth or wall etc, do not significantly modify the intensity and the overall arrangement of the pressure pattern in the deep strata, which are the real culprits responsible for the settlement of the construction.

The action of enlarging the foundations is more effective when widening the raft beyond the external edge of the construction as the pressure bulb will also be spread over a larger area of the soil, thus reducing stresses and settlement in the deeper stratum (Fig. 5.28 I Ie).
An example of this is shown in Tilla Kari Mosque in Samarkand. (Case Study II)

· Transfer of the load to deeper strata

This process is also known as underpinning. Imperative to all underpinning works is the necessity to have a thorough appreciation of the ground conditions beneath the property in question. The quality of the ground will almost certainly have been the primary cause of the subsidence in the first place. An adequate site investigation to determine the character of the substratum is essential.

Some types of underpinning available:

~Traditional mass concrete / continuous underpinning
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Fig (ii) Continuous mass concrete   

            underpinning
Fig (i) typical sections through traditional mass         

          concrete underpinning

Block underpinning is very commonly used in instances where the total depth of excavation from ground level is rarely more than 2.5 m.  The method involves the insertion of individual blocks of concrete beneath an existing strip foundation. 

~Isolated block system
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Alternatively blocks may be inserted at isolated locations around a property with the original ground remaining in place between the blocks and the existing foundations spanning across between the individual blocks. The sequence of excavation and casting of the blocks by either of the above methods should provide adequate support at corners and points of load concentrations, particularly during temporary conditions.

~Beams and piers
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This is similar to the isolated block system described above, but it incorporates a structural beam spanning between individual blocks to support the intermediate section of the original foundation and thus the original foundation does not have to span between the blocks of its own accord. A series of deep square concrete bases (piers) are normally excavated and formed at intervals beneath the walls of the damaged property. The beams are then formed or placed under the intervening parts of the walls to span between the bases, so supporting the walls. Both this and the above system require considerable excavation and disposal of ground material and this can sometimes adversely influence the use of these types of underpinning procedures.

C. Remedial measures to modify the building's behaviour

Achieved through two main but opposing strategies:

· Reduce or annul the stiffness in some zones or joints

· Improve the strength and stiffness of the building

Approaches to modify the building's behaviour are used when it was proven other methods mentioned above are too difficult or not economical.

· Reduce or annul the stiffness in some zones or joints

By creating some 'hinges' in steel or concrete framed structures or making partially-cut 'potential' joints in the walls of masonry constructions following the main cracks. Each individual vertical strip of the building, caused by the cracks, tends to directly transmit its weight to the foundation.  The differential settlement will further increase but the difference between the pressures, which is the true cause of the induced stresses and cracks, remains reduced. 

· Improve the strength and stiffness of the building

If we create a resistant structure using chains, reinforce​ment, boxed beams, reinforced concrete walls, etc., further differential settlements are prevented or reduced to negligible levels.  However, the stiffness will create new changes in the pressures on the soil.  This type of solution can only be adopted when the differential settlement is relatively small.

0ther solutions may combine the two systems, acting partly on the reduction of the overall stiffness, making a limited number of joints in the structure, thus sufficiently reducing the stresses, and partly on limited strengthening of each individual part of the newly‑divided structure.

The idea of creating movement joints in walls, although simple in concept, can become difficult in practice as natural cracks are never exactly vertical or horizontal, but oblique and curved, intersecting the construction in a complex way. It is only possible therefore to embark on a programme of joint cutting after extensive study of the building and its spatial arrangement.

D. Remedial measures to improve the general outlook of the building

These are minor corrections that do not improve the structure stability of the building.  Specific areas discussed are:

· Walls

Masonry walls, particularly those constructed using lime mortar, can accommodate appreciable distortions provided they are adequately tied into the structure. The criterion is not usually how much the wall is out of plumb or bowed, but whether it is likely to deteriorate further after adequate tying or other remedial works. For simple cracks in brickworks, simple raking out and re-pointing is normally sufficient to repair cracks.  Resin bonding by the injection of a resin adhesive into the cracks can sometimes be necessary.  

Repair of plasterwork to walls, ceilings tends to be more cosmetic nature and hence we shall not discuss the technical aspect of it.

· Floors

The re-levelling of floors for low-rise structures can cause more problems than it solves. It is advised that floors should not be re-levelled unless the degree of slope in them is genuinely unacceptable or there is some other major reason for re-levelling them.  The floors could be either raised or lowered.  Note when floors are lowered, it can cause major problems such as the taking down of the ceiling in the room beneath. A good rule to consider before undertaking the work is whether the final state will be worse than the original.  Often a compromise is the best solution where all or some of the slope remains, but for all practical purposes is acceptable.

