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Introduction 
The spillway of Kafue Gorge dam along Kafue River in Zambia was constructed between 1969 and 1971. The first 
documented indications of the problems with the spillway structure was in 1988 when one of the spillway gates was 
jammed. Measures were taken to make the gate operable again, but the signs of expansion and cracking continued to 
increase in extent. After rehabilitation works on one of the spillway gates in 2011, five (05) last stop-logs were found 
to be stuck in position again due to concrete expansion. 
 
In 2012, ZESCO and SWECO started a joint investigation to perform an in-depth condition assessment of the 
spillway structure which included mapping cracks both above and under water and concrete core sampling for 
further analysis. Cracks were mapped by divers under water and by a team of engineers in the dry and concrete cores 
were taken out for analysis in South Africa and Sweden. The divers found extensive cracking on the upstream side of 
the spillway with crack widths of up to 50mm. The concrete analysis showed that the structure was exposed to Alkali 
Silica Reactions (ASR) and that the strength was reduced due to the ASR reaction. Numerical simulations on the 
behaviour of the dam which included the major horizontal cracks together with the ASR-expansion showed that there 
was a need for stabilizing measures to be put in place.  
 
SWECO was appointed to design remedial measures to restore full integrity of the dam and also resolve the problem 
with the jammed stop-logs that now caused a reduced discharge capacity for the spillway. The final design of the 
repair works was as a result of extensive finite element modelling and discussion with ZESCO.  During the period 
from November 2018 to January 2019 post-tensioned tendons will be installed into the spillway concrete to ensure a 
monolithic behaviour of the structure and improve the stability. All major cracks will be sealed to reduce the contact 
area of concrete and water. Finally, the jammed stop-logs will be removed to restore the discharge capacity of the 
spillway.  
 
This paper endeavours to highlight the achievements and challenges culminating from investigations, design and 
implementation of this project. 
 
1. Background 
The spillway dam at Kafue Gorge along Kafue River in Zambia, owned by ZESCO was constructed between 1969 
and 1971. The spillway dam height varies between 19 m (left hand) to 32 m (right hand) high and the length is 
125 m. The spillway dam consists of four radial discharge gates. To the right of the spillways there is a short buttress 
dam and further to the right there is an embankment dam. The left abutment consists of a solid gravity structure 
adjacent to the rock. 
 
The spillway dam of Kafue Gorge has a long history with extensive concrete cracking and questions regarding the 
impact on dam safety arise. SWECO was appointed to, together with ZESCO, perform an assessment of the status of 
the spillway dam and how to resolve the situation. In addition to the problems below, the fact that a number of stop-
logs where jammed in spillway 1, reducing the discharge capacity, was also dealt with as part of the project. 
 



2. Methodology 
To support the selection of repair measures for concrete structures within the project, a methodology developed 
within the European Union project entitled “Strategy for maintenance and rehabilitation of concrete structures”, 
REHABCON [1] has been used. The REHABCON-manual presents a process to select a measure containing: 
 Assessment. 
 Requirements 
 Technical solutions 
 Optimisation 
 Final decision 

 
2.1 Assessment 
Assessment of a concrete structure should be based on the principle of progressive screening. This means that the 
investigation should be taken no further than necessary to reach a decision on which action is appropriate with an 
acceptable level of confidence. Thereby the assessment should be divided in preliminary assessment (qualitative) and 
detailed assessment (rigorous and quantitative). The needed input is targeted mainly at establishing the extent of the 
damage due to deterioration and identifying the primary cause of damage. This involves a mix of “Overview” and 
“Insight” as illustrated in Figure 1 and how much insight is required will depend on the nature and scale of the 
symptoms of deterioration. The further an assessment must proceed, the more insight is necessary. 
 

 
 

Fig. 1. Balance between insight and overview in assessment [1]. 
 
2.2 Requirements 
Comparison with requirements are fundamental for all decisions and are strongly connected to the preceding 
assessment. The requirements concerning deteriorated and repaired structures should comprise: 
 Structural stability and safety 
 Execution of work 
 Economy  
 Service life 
 Environment, aesthetics, social, political 

 
The project specific requirements are to restore full discharge capacity in the spillway so that the gates are able to 
operate safely without any risk of getting jammed in any position due to any potential future concrete expansion. The 
concrete structures should be restored to show sufficient stability, load-bearing capacity and be impervious for the 
entire service-life. The repair works should be designed for a service life of approximately 50-100 years. 
 
2.3 Technical solutions 
When the requirements are not fulfilled, the need for measures arise. Most commonly several technical solutions are 
available and the evaluation can be divided in three different levels [1] namely: 
 Level 1:  Approved solutions (Experience from previously executed repair) 
 Level 2:  Qualitative evaluation (L1 + semi-quantitative and/or qualitative reasoning by experienced engineer) 
 Level 3:  Quantitative evaluation (Mainly service-life evaluation models) 

 
2.4 Optimisation & final decision 
When the cause of damage and type of damage are known, and the functional requirements of the repaired structure 
have been established, some alternative repair methods exist. The solutions selected are evaluated in terms of how 



well they fulfil the requirements listed under section 2.2. Finally, the owner must decide, taking all the given input 
from studies into account. 
 
3.Assessment 
3.1 Desk-top study 
Contract documents from the time of construction specified the use of ordinary Portland cements (not low-alkali) but 
also specified that testing should be performed (no reports on tests found): 
 “The cements should be tested together with fine and coarse aggregates, obtained from the actual borrow 

areas at the site, to determine alkali reactivity in accordance with ASTM Designation C 227 and shall not, 
within three months, show any harmful swelling. “ 

 
A contact with the retired former SWECO employee Mr. Fossgaard was established. Fossgaard [2] worked with site 
control of concrete mixing at the time for construction. According to Fossgaard [2] there where major problems with 
finding the proper amount of sand of acceptable quality and wordings like “sabotage and illegal sand transport” were 
commonly used. This could have caused mistakes and a potential for delivery of uncontrolled material. 
 
One of the prerequisites to be able to understand the dam behaviour and to define the correct rehabilitation measure 
is the understanding of the original design of the concrete spillway. The review of the intended structural way of 
action showed that the dam mainly was designed as a gravity dam, but it also has an arch shape. The upstream 
threshold down into the foundation gives a high restraint from movements in the horizontal direction. The arch shape 
in combination with the restraint in the foundation makes any expansion within the dam or in the left abutment to 
cause vertical stresses on the upstream face of the spillway [3]. The behaviour basically depends on the reason that 
the expansion “pushes” the spillway dam upstream, but in the bottom, it is prevented to move. This will cause 
vertical stresses on the upstream side. 
 
To study any potential impact from the foundation a review of the geological investigations from the time of 
construction and any measures to reinforce the foundation and abutments was performed. The purpose was to look 
for any implications from the geological conditions in the left abutment and foundation that can be connected to the 
cracking and especially the fact that the cracking is more severe on the left part of the spillway dam. In brief the 
geological conditions were found to not have any major connection to the observed cracking. 
 
3.2 Visual inspection 
In December 2013 a site operation supervised by SWECO took place in Kafue Gorge. Crack mapping was conducted 
by NSE (Nuclear Structural Engineering) and the diving operation was conducted by Dive Worx, both from South 
Africa and as sub-contractors of CITICON from Zambia. 
 
Generally, almost all surfaces on the piers show extensive map-cracking (see Figure 2 for examples) which is typical 
for ASR expansion. The general crack widths are up to several mm’s. Close to the gate there were more accentuated 
horizontal cracks on the piers and in the lower parts some of the cracks extend over the entire length. In the gallery 
the crack patterns basically are horizontal on the face towards the upstream side. The piers visible in the gallery show 
cracks that are inclined upwards towards the downstream. Crack widths can be up to several mm’s. 
 

 
 

Fig. 2. Cracking on top of pier 2 at the concrete spillway dam in Kafue Gorge, Zambia. 
 



Mapping under water with divers give results in line with inspections above water level but the crack widths 
generally seem to be larger. The largest subsurface cracks are major horizontal cracks on the piers that coincides with 
a cold joint from the time of construction. The major crack is visible on all piers are in the range from 3 to 30 mm’s. 
 
During the diving operation it was realized that there was a horizontal misalignment (max 20 mm) of the guide rail 
where the stop-log wheels normally roll. This is also the reason to why the bracket cannot be lowered in position to 
grab the jammed stop-logs. The gap/misalignment coincides with the major crack on the upstream side, and possibly 
a weld in the stop-log guide is broken. Due to lack of space it was not possible to determine exactly how the stuck 
stop-logs were jammed. A picture of the stop-logs and the lift bracket is shown in Figure 3. 
 

 
 

Fig. 3. Stop-logs and lift bracket for spillway dam in Kafue Gorge, Zambia. 
 
3.3 Core drilling and testing 
To find out the concrete material properties and perform residual expansion tests, samples were taken from different 
parts of the dam. Compressive and splitting strength test show the required levels of strength from the time of 
construction was not fulfilled. Especially the splitting strength was reduced by more than 30% compared to the 
expected values. Strength values are generally lower to the left side of the spillway which was in line with the more 
severe cracking. 
 
Petrographic analysis of thin sections confirmed that ASR was ongoing in all samples. Cracks and air voids filled 
with ASR-gel were visible. The morphology of the cracks also indicates cracking after hardening of the concrete and 
not a result from early thermal action or plastic shrinkage. The reactive aggregates contain brecciated gneiss, 
mylonite, low-metamorphic quartzite and sandstone to a content of 20-30%. A chemical analysis of the cement paste 
showed use of a cement with an equivalent alkali content (Na2Oekv) of 0.5% (= low alkali), a cement content of 320-
340 kg/m3 and a total alkali content of 1.6-1.7 kg/m3.(< 3 kg/m3 ). Previously the belief that this would prevent any 
expansion when combined with reactive aggregate is today being questioned [4]. The formation of ASR-gel has 
occurred despite the use of low alkali cement. 
 
To estimate the remaining ASR expansion potential, an accelerated expansion test based on the Nordtest, method 
295 [5], but partly modified (larger sample size), was performed. Samples were exposed to saturated sodium chloride 
solution and an elevated temperature up to 50°C for 275 days. Generally, the expansion during the accelerated test 
was limited. The sample showing the highest total expansion gave 0.19 per mille (‰) of expansion (below limit of 
0.5 per mille (‰) that is considered as very small risk of further expansion). 
 
3.4 Analysis of structural behaviour 
The structural evaluation of the spillway including the threshold and the curved shape was done with a finite element 
(FE) analysis that considered both the effects of ASR, temperature expansion, cracks and normal loads. An overview 
of the FE-model is shown in Figure 4. 
 



 
 

Fig. 4. Finite element model of the spillway dam (View from upstream). 
 
The results from the FE-analysis show that a load case where the upstream side is exposed to an expansion due to 
ASR would lead to cracking like the observed one. The ASR is depending on access to water to be able to take place 
and thereby the upstream side expands more, making this a likely reason for the propagating major horizontal cracks. 
Both ASR and thermal action on the concrete spillway give the same crack patterns in the FE-analysis as was 
observed in the visual inspection. Due to future temperature cycles, the FE-analysis predicts that a crack could 
propagate through the whole pier. Therefore, a conservative approach with non-monolithic behaviour was used in the 
design of the measures.  
 
The global stability was assessed analytically, and the results showed deficiencies when considering the risk for a 
non-monolithic failure and also when seismic loads where applied. To fulfil the dam safety regulations regarding 
stability, the piers and the crest dam needed structural reinforcement. 
 
3.5 Summary of assessment 
To summarize the current dam safety status, it was considered that the extensive and partially large cracks were 
severe and irreversible. There is a risk that the vertical reinforcement is put under high tensile stresses and that any 
further expansion, water leakage and erosion will make the major cracks propagate further downstream. Apart from 
leakage the risk for future stability problems cannot be excluded.  
 
Obviously, the stop-logs stuck in gate 1 reduce the spillway capacity due to the reduction of area. This could be a dam 
safety problem if there is a small margin between design flood and total discharge capacity. 
 
A temporary limitation of the retention level was recommended to be considered until further calculations or 
measures was taken. 
 
4. Technical solutions 
As stated the requirements on the facility regarding dam safety were not fulfilled and measures must be taken. The 
following section describes the alternatives both for improving the structural stability and integrity and options for 
removal the jammed stop-logs. All alternatives where developed in cooperation between SWECO and ZESCO. 
 
4.1 Structural stability and integrity 
To resolve the structural issues a number of different technical solutions were discussed, and the alternatives were: 
 A0 – No measures 
 A1 – Installation of post-tensioned anchors 
 A2 – Overlay concrete with heavy reinforcement 
 A3 – Additional dead weight 
 A4 - Replacement of heavily cracked piers with new 

 
A0 – No measures 
Further expansion due to ASR in concrete is expected to be limited. However, cracks can still continue to grow to 
some extent due to thermal movements and water will continue to penetrate cracks giving an additional uplift 
pressure. The risk for partial instability of the upper part of the monolith followed by a dam breach must therefore be 
considered. 
 



A1 – Installation of post-tensioned anchors  
To reduce the risk for a non-monolithic behaviour installation of post tensioned anchors can be used. The anchors are 
inspectable from the crest and can be tested after time to verify they meet the function every 5-10 years. The post-
tensioned anchors are preferably installed with an angle towards the upstream toe, giving a more ductile behaviour of 
the tendon and better protection against a potential sliding failure. To ensure a service life of approximately 50 years 
for a repair option with post-tensioned anchors, the environment in which the tendons are installed must be good. 
There might be a risk for crossing cracks in concrete or rock with water pressure inside of the pier or foundation 
giving leakage during installation. 
 
A2 – Overlay concrete with heavy reinforcement  
Restore the upstream face of the pier with new concrete and installation of new and additional reinforcement. All 
cracks will be closed in the concrete that has been overlaid. Hydro jetting of the concrete surfaces both above and 
under water before installation of new/additional reinforced concrete. Most of the works are done by divers under 
water, resulting in time consuming repairs and that the final concrete quality is lower than if it would have been 
casted under dry conditions. 
 
A3 – Addition of extra dead weight  
Apply a stabilizing force by placing an additional weight on the piers. Due to lack of space for the placement since 
the bridge deck is an access road to the other side of the spillway it is not possible to install a large amount of weight 
needed without disturbing the access. 
 
A4 – Replacement of heavily cracked piers with new concrete.  
Demolishing two of the heavily cracked piers and replacing them with new concrete. The repair is complex since a 
steel caisson or coffer dam is needed to be able to do the works. During the repairs the existing bridge and the gate 
needs to be supported, which is a complex operation as well. With this method, the concrete will have a long service 
life. 
 
4.2 Removal of stop-logs 
During the assessment and pre-design phase different options for removal have been discussed. The overall 
principles discussed are: 
 B1 – Pulling with heavy duty crane 
 B2 – Cutting of stop-logs (submerged) 
 B3 – Demolish concrete around stop-log groove 
 B4 – Cofferdam and cutting of stop-logs (in dryness) 

 
B1. Pulling with heavy duty crane 
The maximum available capacity of a crane in close neighbourhood to Kafue Gorge is approximately 40 tonnes. The 
basic idea is to apply a higher lifting force than what is possible with the old on-site 25 tonnes crane to see if the 
stop-logs can be moved. The advantage with this method is that it would require a small amount of additional work. 
There is a need for divers to put the connection (wires/lifting ropes) between the jammed stop-logs and the bracket in 
place. Otherwise no additional works are needed. The capacity of the spillway bridge was verified to be sufficient 
(>45 tonnes). The risk for a sudden release with a high amount of energy in the lifting devices and what could 
happen then, must be taken into consideration. 
 
B2. Cutting of stop-logs (submerged) 
A methodology to remove the stop-logs with divers was developed. The lack of detailed information on how the 
stop-logs actually are jammed and extremely limited access in the groove (between stop-logs and groove), has given 
that a cut should be made from the upstream side of the stop-logs and further down towards the skin plate. After this 
a controlled hoisting can be made, preferably with the stop-log still in one piece (in the skin-plate). If the stop-log 
does not move, more cuts can be made, and the stop-log can be removed in sections. After the stop-logs have been 
removed the groove and the stop-logs can be inspected and a way of adjusting the groove or the stop-logs to work as 
intentioned can be planned. The stop-logs that have been cut can be restored or adjusted to work only in gate 1 
afterwards without restoring the original shape of the grooves. An additional stop-log to close the gap may have to be 
produced to connect the stop-logs around the area where the misalignment is located.  
 



B3. Demolish concrete around stop-log groove 
This method of removal of the stop-logs involve demolishing the concrete around the groove where the outward 
movement has occurred to release the stresses in the stop-log and be able to remove them. Two methods of removing 
the concrete and the difficulties were discussed namely either via wire-cutting from a combination of horizontal and 
vertical boreholes or by hydro-jetting under water. After the concrete is removed the existing groove could be 
realigned which is a difficult procedure under water with limited visibility. After the groove is realigned and fixated 
with new anchors into the concrete installation of reinforcement and placement of concrete can be done. The diving 
operation to make the repair works will be very time-consuming and the diver team should consist of several divers 
to manage the limitations in diving time. 
 
B4. Cofferdam and cutting of stop-logs (in dryness) 
The major advantage with a cofferdam is that all works on the stop-logs can be performed in dryness. Also, more 
accurate measurements on the damages and displacements that has occurred on the piers can be done and any 
remedial works on the structure can more easily be planned and performed. Spillway gate no 1 can be manoeuvred in 
dryness and any works needed to adjust the gate width are easily done. All preparatory works for a good transition 
between the dam and its boundaries must be done in water and can be time-consuming.  
 
4.3 Optimization and decision 
The mission objective has been to ensure an acceptable safety level of the Kafue Gorge spillway dam. To make an 
optimization in the selection of repair alternative, the different options were summarized with pros and cons, costs 
and service life. With all the facts from assessments and suggested technical solutions a common workshop between 
SWECO and ZESCO gave a platform for ZESCO to take a decision after internal consultations. 
 
The final decision on how to restore full stability level of the concrete structures pointed out alternative A1 with 
installation of inclined post-tensioned anchors in the piers and the right-hand buttress dam. In combination with seal-
ing of the major cracks on the upstream side this will give at least a 50-year expansion of the service-life of the 
spillway dam. The major reason for selecting A1 is the more predictable cost and a well-known methodology with, 
in comparison, limited risk. 
 
Removal of the stop-logs was found to be done best with cutting them loose under water according to alternative B2. 
All alternatives have a quite high level of uncertainty regarding the complexity and thereby cost but taking this into 
consideration, alternative B2 was considered the best among them. 
 
5. Design and Construction 
After selection of technical solution for repair in cooperation with ZESCO a detailed design was performed including 
calculations and production of drawings and tender documents for procurement. 
 
5.1 Detailed design 
A sketch showing the principle for installation of post tensioned anchors in the piers is shown in Figure 5. The 
detailed design of the concrete works (e.g. anchor blocks) where performed according to Eurocode [6], [7], [8] and 
general stability calculations according to the Swedish dam safety guideline apart from seismic design that was done 
according to USACE [9].  
 
Applied loads on the spillway dam are the traditional with water load at retention level and an exceptional load case 
with overtopping of the gates. The maximum design earthquake for a return period of 10000 years was estimated 
conservatively to give a peak ground acceleration of 0.25g (based on the acceleration for a 475-year return period 
that is 0.4-0.8 m/s2) 
 
The detailed design gave a pair of inclined (30°) tendons installed are installed in each pier or monolith (inclination 
of 16°). The selected type of tendon is the VSL 6-7 type with a strand diameter of 15.7 mm and post-tensioned to 
apply a stabilizing force of 1300 kN each which is around 65% of the failure load for the tendon. 
 



 
 

       
Fig. 5. Principle for installation of stabilizing post-tensioned anchors in piers. 

 
5.2 Procurement and Construction 
Tender documents were prepared according to FIDIC Red Book and under 2018, the Chinese contractor Sinohydro 
was awarded the tender to resolve the structural stability and full discharge capacity of the spillway dam in Kafue 
Gorge. The construction works are planned to take place during the spring of 2019. 
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